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Karst terrains are complex landscapes that are sensitive to human disturbance.
Human activities have polluted and impacted many of these terrains around the world. To
preserve these unique landscapes, many karst regions are protected and designated as
national parks, geologic special areas, or UNESCO Biosphere Reserves. Despite the
widespread general protection of karst landscapes globally, a review of each area’s
management plan reveals there is no standardized method of cave and karst management
or evaluation of karst impacts.
The non-standardization of karst management strategies may be due to the gap
that exists between the needs of karst land managers and the tools provided to them to
make management decisions, which are driven by an entity’s objectives. Since 1996,
researchers have been developing indices to help fill this gap, including groundwater
vulnerability, disturbance, and significance indices. These indices vary in their
application, validity, and ease of use. This project aimed to synthesize existing cave and
karst indices in a geospatial framework designed to fit the needs of land managers. The
goal was to create a comprehensive, holistic, and easy to use set of tools for identifying
Karst Management Priority Zones on protected lands. The resulting products were the
spatial Karst Disturbance Index (sKDI), spatial Karst Significance Index (sKSI), and
x

combined Priority Management Index (PMI) that were applied and tested against a
protected karst area in the Tongass National Forest, Alaska. Successful application and
validation of these tools indicates the potential for their use in evaluating and assisting
with karst management in any setting.

xi

CHAPTER ONE: INTRODUCTION
1.1 Research Overview
Karst terrains are landscapes defined by their unique topography and hydrology.
These terrains are characterized by caves, springs, sinking streams and sinkholes (Palmer
2007). Karst areas are recognized for their physical, historical, archeological, and
biological resources, as well as their beauty. Many karst areas worldwide are designated
as national parks and United Nations Educational, Scientific, and Cultural Organization
(UNESCO) World Heritage sites (Williams 2011). These designations often incur a need
for detailed management and protection of the natural resources in these areas; however,
priorities and approaches for achieving these goals can vary greatly between sites.
Despite their importance, many karst environments have been degraded by
anthropogenic disturbances (Parise 2010b). These impacts have been intensified by the
inherent vulnerability of karst terrains, which respond rapidly to impacts and are capable
of transporting water, sediments, and pollutants throughout the karst within a matter of
hours or days (Worthington et al. 2012). The susceptibility of karst regions to degradation
has led to desertification (Huntoon 1992), groundwater contamination (Worthington et al.
2012), and cave biota reduction and habitat destruction (Fong 2011; Raedts and Smart
2015). Quarrying and mining have destroyed entire caves and altered the natural
hydrology and flow paths within karst areas (Langer 2001). Cave tourism has altered
cave atmospheres and environments, leading to enhanced condensation corrosion (Sarbu
and Lascu 1997; de Freitas and Schmekal 2006; Russell and MacLean 2008) and the
degradation of ecosystems (Michie 2003) and speleothems (Baker and Gentry 1998).
1

While research efforts to study karst environments and hazards have grown since
the middle of the 20th-century, holistic, transferrable methods for prioritizing karst
management zones are relatively new (Angulo et al. 2013; Kovarik and van Beynen
2018). Traditional management plans in karst environments typically focus on managing
specific caves and impacts to those caves, but may offer few protections for the total karst
landscape, despite strong evidence supporting a wider karst management strategy (Fleury
2009; Nolfi 2011). Many modern karst protection plans are based on protecting karst
watersheds through delineation and groundwater vulnerability mapping, alongside the
protection of the primary caves in a region (U.S. Forest Service 2016; Goldscheider
2019). Although useful, groundwater vulnerability mapping does not always account for
the variety of other vulnerable features (geomorphological, geological, biological,
paleontological, and cultural) found on karst terrains.
Recent studies have attempted to combine aspects of karst vulnerability,
significance, and disturbance to make management decisions. A Karst Significance Index
was used alongside vulnerability mapping in Aralar National Park in Spain (Angulo et al.
2013), and the Karst Disturbance Index was used alongside vulnerability mapping in
Chiapas, Mexico (Kovarik and van Beynen 2018). While these index combinations were
improvements, using the KDI spatially and in combination with another index, both
studies did not incorporate many of the improvements that were made to the KDI that
culminated in the refined index used by Porter et al. (2016).
This study attempts to understand and build upon the strength of the index
combinations and spatial methods of Angulo et al. (2013), and Kovarik and van Beynen
2

(2018), while also incorporating the existing refinements to the KDI. To achieve this,
existing karst management plans were reviewed and evaluated to determine the needs of
karst land managers. Then, relevant indices were evaluated and compared to the
described needs found during the management plan review. After that, significance and
disturbance indices were adapted from the existing literature to be spatial, effective, and
aimed toward the described needs of karst land managers. Finally, the indices were
applied to the Beaver Falls karst area in the Tongass National Forest in Alaska to validate
the approach and make management suggestions.
1.2 Intellectual Merit
Despite a large focus on karst management in the scientific literature and by land
managers over the past 25 years, most management activities and research still focus on
individual aspects and hazards of karst management (Department of the Interior 1991;
2006; van Beynen 2011). Many indices, inventory strategies, and models have been
developed to address different aspects of karst management, but they have yet to be
combined into a holistic tool that can be used by land managers to address all aspects of
karst management in an integrated manner (van Beynen and Townsend 2005; Harley et
al. 2011; van Beynen et al. 2012a; Cigna and Pani 2013; Donato et al. 2014; Trofimova
2014; Semler 2019).
The spatial Karst Disturbance Index (sKDI) and spatial Karst Significance Index
(sKSI) were developed in this study to spatially integrate aspects of the existing indices
with new indicators and a Geographic Information System (GIS). These indices were
then combined into a spatial Karst Priority Management Index (sKPMI), which indicates
3

where a location is both disturbed and significant in order to assess management priority.
In conjunction, the sKDI, sKSI, and PMI provide a thorough understanding of the
significance of a karst area and its disturbances, representing a refined, spatial, and
holistic evolution of karst management indices.
1.3 Research Questions
The objective of this project was to answer the following research questions:
•

What are the common criteria used for karst land management and are they
consistent across scales and regions?

•

What are the most effective evaluation tools for land managers in prioritizing
karst management activities?
o How can the existing karst land management tools be improved?
o Can existing methods for evaluating karst management priorities be
reconciled and synthesized into a cohesive, evaluative tool useful for karst
land managers?

•

Is an integrated spatial karst land management tool effective at guiding
management efforts in the Beaver Falls Karst area in the Tongass National
Forest?

4

CHAPTER TWO: LITERATURE REVIEW
2.1 Karst Landscapes
Karst landscapes differ from non-karst landscapes due to the presence of soluble
bedrock, and subsequent subsurface hydrology. The primary mechanism of development
on traditional karst landscapes is the chemical dissolution of the bedrock as opposed to
the mechanical methods of erosion, which are more dominant in non-karst rocks (Ford
and Williams 2007). Most karst regions are developed on carbonate rocks, such as
limestone, dolostone, or marble, but karst is also commonly found in evaporites, such as
gypsum or halite and less commonly found in other rocks such as sandstone (Palmer
2007; Shade et al. 2015).
Well-developed karst landscapes are dominated by surface and subsurface
features, such as sinkholes, ponors, springs, and epikarst. Sinkholes, also known as
dolines, are a common karst feature which manifest as a closed depression on the
landscape. They form in a variety of ways, including dissolution, collapse, and suffusion
(Ford and Williams 2007). Ponors, also known as swallow holes or insurgences, are
places where water from surface streams disappear into the subsurface. These can be as
dramatic as a river dropping straight into a large hole in the ground, or as minor as a
stream seeping into the diffuse holes in the karst and disappearing (Palmer 2007).
Epikarst is the fissures and pores on the surface of the bedrock (covered by soil or not)
that is etched and enlarged by solution (Palmer 2007). The epikarst holds and transports
water laterally until it reaches larger fissures that allow it to descend deep into the
bedrock. Soil-filled epikarst can hold a large quantity of water that drains slowly and
often contributes to cave baseflows (Palmer 2007); the water that enters the subsurface
will typically reappear on the surface as a spring. Springs can take many forms, including
5

base-level springs which appear at the elevation of the river they feed, perched springs
which appear above the river level, or overflow springs which may only flow during
periods of flooding (Palmer 2007).
In order to develop a karst landscape, acidic water is necessary to dissolve the
carbonate rocks. When water falls on a karst area as rain, it will first capture carbon
dioxide (CO2) from the atmosphere, then as it infiltrates through the soil, it incorporates
more dissolved CO2 and collects acids from the soil. Once dissolved in solution, the CO2
will react with the water (H2O) and form carbonic acid (H2CO3). When this acidic water
reaches the bedrock, it will dissolve the carbonate rock until it becomes completely
saturated with calcite or is removed from contact with carbonates (Palmer 1991, 2007;
Pronk et al. 2009). As the water approaches the point where it is saturated with calcite,
dissolution will slow, which allows the water to remain slightly aggressive as it flows
deep into the karst, allowing large base-level conduits to form (Plummer and Wigley
1976; Dreybrodt 1990).
In the evolution of a karst terrain, water begins to organize into surface streams.
The surface streams flow with the gradient until the fracture networks and rock matrices
are enlarged to the point where flow through them changes from laminar to turbulent
(Palmer 2007). When this breakthrough point is reached, the rate of dissolution and
fracture widening will greatly increase. Once the subsurface conduits have become large
enough, streams will reorganize towards them and leave behind dry stream beds
(Dreybrodt 1990; Palmer 1991; Worthington and Ford 2009). In areas where completely
unsaturated water, typically allogenic, reaches the karst aquifer, the water will enlarge a
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few main conduits, especially during flooding periods, which will carry the bulk of the
flow (Worthington and Ford 2009).
While the above description of karst applies to most epigenic karst area, there
exist a variety of karst landscapes with different origins. Many caves, known as hypogene
caves, do not follow the model described above and form from fluids rising from below,
independent of surface water (Ford and Williams 2007). These caves have many different
mechanisms of speleogenesis and are often found in areas with transitional geochemical
environments, relying non-carbonic acids, or thermal, or salinity gradients to form
(Bakalowicz et al. 1987; Jagnow et al. 2000; Mylroie 2013; Klimchouk 2017).
2.1.1 Southeast Alaska Karst
The major karst areas of the Tongass National Forest (TNF) are heavily
developed and display many epigenetic karst features (Aley et al. 1993). The caves of the
TNF are highly varied, with generally deeper and more well-developed caves being
associated with alpine environments while smaller, flatter caves are more common in the
lowlands. The caves are typically short, rarely longer than a kilometer, but can reach
depths of over 300 meters and are some of the deepest shafts in the United States (Gulden
2020). The epikarst throughout the TNF is generally well developed (2-30 meters) with
large grikes dominating the lowland karst and deep, exposed fissures dominating the
alpine (Aley et al. 1993).
The caves of the TNF host a variety of resources and have provided a wealth of
information to researchers. Geologically, the caves and associated speleothems have
captured important data on the paleoclimate of Southeast Alaska (Wilcox 2017, Wilcox
et al. 2019) They have also been the place of the discovery for an undescribed
7

speleothem, subaqueous moonmilk, unique in its morphology and microbiology (Curry et
al. 2009). An endemic species of troglobitic amphipod was discovered in a cave on
Heceta Island, leading to further studies on the macrobiology of the TNF (Aley et al.
1993; Carlson 1997). Further studies of the biologic distribution of fauna and fossils
discovered in caves of the TNF have shed light on historic animal migration and
populations and supported the identification of glacial refugia (Carlson 1997, Carrara et
al. 2007). The ice-free areas may have provided stepping-stones for early human
migration and the caves have captured evidence of this (Dixon et al. 1997). Human bones
found in Shuka Kaa (On Your Knees) cave were dated to 10,300 years ago and provided
DNA evidence on the peopling of the Americas (Kemp et al. 2007). Karst has proven an
invaluable resource for the studies of paleoclimate, archeology, and biology.
Despite efforts made in the Tongass National Forest to understand the resources
within the caves, the karst morphology, hydrology and speleogenetic history is
understudied. Some hydrogeologic studies have attempted to understand the flowpaths,
water-balances and storm responses in the karst while more recent efforts have focused
on the geochemical nature of flows (Prussian and Baichtal 2007, Kovarik 2007, Harris
2020). These studies provided invaluable information on how logging disturbances may
affect the karst; however, while these studies provide a preliminary understanding of
some the hydrologic, geochemical, and glacial impacts on present lowland or subalpine
karst conditions, the speleogenetic history and development of alpine karst is still
relatively understudied.
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2.2 Karst Hazards
Due to their complex geology, topography and hydrology, karst landscapes
present a variety of hazards for land management. There are both natural and
anthropogenic hazards, with anthropogenic activities often accelerating or exacerbating
natural hazards (Parise 2010a). The most well-known of natural karst hazards are
sinkholes. Sinkholes can form slowly and pose less threat (suffusion and solution
sinkholes), or they can occur rapidly and catastrophically (cover collapse sinkholes)
(Parise 2010a). Sinkhole collapses can rapidly cause large amounts of damage to
infrastructure and life (Sowers 1996; Polk et al. 2015). Karst areas are also prone to
mass-movements outside of sinkholes, with the most common being rockfall from cliffs
or on road cuts (Roje-Bonacci et al. 2009). The continued widening of fractures and
decrease of stability in the bedrock not only increases the likelihood of rockfall, but also
large landslides (Gutiérrez et al. 2014). For these reasons, landslides are common when
karst terrains in the TNF are logged.
Karst landscapes are also more prone to a variety of water-based hazards,
including flooding and pollution (Parise 2010a). Due to the subterranean nature of karst
waters, impairments in the water are often ignored, unknown, or misunderstood until they
pose a larger issue. Flooding is common in karst areas, due to the rapid response to rain
events, and especially common in areas, such as poljes, which are seasonally inundated
(Parise 2010a). Flooding is typically exacerbated by land use changes and increased
development. This introduces impervious surfaces and modifies existing drainages,
augmenting the naturally rapid stormwater response of karst, greatly increasing flooding
(Gutiérrez et al. 2014).
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Due to the rapid infiltration, flow velocities, and lack of attenuation in karst
aquifers, they are incredibly susceptible to pollution. Pollutants introduced into the
aquifer do not act similar to non-karst aquifers and have been known to travel kilometers
in a single day (Worthington et al. 2012). The attenuation of these pollutants is also low
due to rapid infiltration, thin soils, lack of surface area contact between polluted water
and subsurface walls, and a lack of sufficient time for time-dependent attenuation (Ford
and Williams 2007).
2.3 Karst Management
The variety of karst hazards create complex management issues. In many
developed countries such as the U.S., Italy, and Canada, karst hazards are managed via
laws and regulations; however, developing nations often have no regulations surrounding
the interaction of people and karst (Ford 2011; Parise 2011; Fleury 2011). Even with
proper regulations, karst resources are often abused and polluted due to a lack of
enforcement, which is common in rural areas (Fleury 2011; Kovarik 2015).
2.3.1 Policy in Non-protected Karst Areas
Karst regulations and policies take many forms, but have focused on single
aspects of karst, such as stormwater management or new construction developments
(Fleury 2009). Karst land use regulations and ordinances are relatively limited and were
first enacted in the United States in the 1980s (Richardson 2003). These regulations
typically fall into subdivision, city, or stormwater ordinances and often involve
establishing setbacks from karst features, usually sinkholes (Fleury 2009). These
ordinances are often informed and enacted by non-karst specific entities, such as state or
regional hydrologists and geologists who do not specialize in karst. More recently, multi-
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faceted karst management plans have been enacted in Johnson City, Tennessee and
Austin, Texas and the need for holistic karst management has been recognized at local
levels, with some states adopting more directed, karst-specific policies (Fleury 2011;
Currens 2012).
The heterogeneous nature of karst creates difficulties in regulation at national or
regional levels. Attempts to integrate karst groundwater protection and land use planning
into the European Water Framework Directive partially failed due to the different
political and hydrogeological characteristics across Europe, forcing policymakers to
develop a more general and less-binding approach to karst waters (Zwahlen 2003; Fleury
2011). This would likely occur in other places like the United States, if attempted.
Due to the difficulties in managing karst via policy and regulation on a regional or
multi-jurisdiction scale, many organizations have been formed that attempt to inform and
collaborate with existing communities and organizations in a karst region. National karst
institutes are the oldest and most common type of organization advocating karst research,
education, and management, with the oldest established in Romania in 1920, and the
majority being founded since 1975, including the National Cave and Karst Research
Institute (NCKRI), which was created by the United States Congress in 1998 (Veni
2011).
The United Nations Educational, Scientific and Cultural Organization (UNESCO)
World Biosphere Reserve Network (BRN) succeed in helping to manage important karst
regions that span a variety of land uses and jurisdictions. The BRN aims to promote
sustainable development in biosphere reserves through international collaboration and
support. While not karst specific, the BRN helps to manage many karst regions across the
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world (including the Mammoth Cave area in Kentucky, South Harz Karst in Germany,
and the Karst Biosphere Reserve in Slovenia) and aims to reconcile biodiversity with
sustainable use and development (Kreitzer 1998). The Mammoth Cave Biosphere
Reserve has been viewed as a success in bringing jurisdictions and different stakeholders
together to better manage the region with karst as its focus (Kreitzer 1998). While the
Tongass National Forest (TNF) exclusively manages protected lands, they both have
karst and watershed boundaries which extend beyond their borders. As a result, the TNF
could likely gain from, and improve management effectiveness through partnerships with
surrounding communities, similar to the Biosphere Reserve program.
2.3.2 Cave and Karst Management on Protected Lands
Likely due to the wide variability of karst terrains and the relative newness of
karst science and management, there are few international standards for managing karst.
The closest thing to a standard for international karst management is the International
Union for Conservation of Nature’s (IUCN) “Guidelines for Cave and Karst Protection”
(Watson 1997). Due to this lack of standardization, karst management takes on a variety
of forms.
The most well-known and comprehensive attempts at karst management are those
on protected lands. These protected lands are often national parks, national forests, or
other reserves. While these lands are typically set apart for limited development and
preservation, some of these areas are settled such as the Apuseni Nature Park in Romania
or the Cockpit Country in Jamaica (Brinkmann and Garren 2011). There are also many
protected and preserved cave and karst areas that are owned and managed by private
organizations, such as caving clubs or non-profits (Putnam 1997). In the United States,
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the original cave managers were the owners of commercial caves (Nolfi 2011). These
tourist cave managers protected their caves largely out of self-interest and were the only
stewards of caves until the early 20th century. The federal government made the first step
towards karst management in the United States with the establishment of Wind Cave
National Park in 1903; this was the first park designated specifically for its cave resource.
Then, after the Antiquities Act of 1906, more caves were protected with the designation
of Jewel Cave National Monument (NM) in 1908 and Oregon Caves NM in 1909. During
the 20th century, other caves, such as Mammoth Cave and Carlsbad Caverns, were
elevated to National Park Service (NPS) status, but the country still had no protections
for caves outside of the national park system. This changed with the Federal Cave
Resources Protection Act (FCRPA) of 1988 that aimed to identify and protect significant
caves on all federal lands, not only the national parks, leading to formal definitions of
cave significance in the U.S. (U.S. Congress 1988). Congress then established the
National Cave and Karst Research Institute (NCKRI) in 1998 to further cave science and
management as well as centralize U.S. speleological information (U.S. Congress 1998).
Soon after the FCRPA was enacted, the United States Department of Agriculture
(USDA) adopted their own regulations within the FCRPA framework. Most importantly,
the USDA established their criteria for the designation of significant caves. Significant
caves fit into at least one of six categories: biota, cultural,
geologic/mineralogic/paleontologic, hydrologic, recreational, or educational/scientific
(Stitt 1994). Since that time, U.S. federal agencies have adopted broader cave and karst
management plans to align with the guidelines established after the FCRPA.
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The NPS has the broadest overall management plan, with guidelines at the
national level, as well as for individual parks. The NPS directs cave management in its
Natural Resources Management Guideline, outlining cave use, maintenance, restoration,
research and conservation (Department of the Interior 1991). Individual national parks,
especially those which focus on cave resources have taken those guidelines and expanded
them into their own, more thorough management plans, encompassing the caves, and
their associated karst resources (Department of the Interior 2006, 2019).
Carlsbad and Mammoth Cave National Parks are two of the most well-known
cave-centered parks that currently have their own comprehensive cave and karst
management plans (Department of the Interior 2006, 2019). Other parks which do not
focus specifically on caves also have karst management plans such as Great Smoky
Mountains National Park (Nolfi 2011). These plans all vary slightly with Carlsbad
focused much more on the cave resource while the Mammoth Cave management plan has
sections dedicated to the cave, karst, and karst groundwater vulnerability (Department of
the Interior 2006, 2019); however, all plans note the importance of protecting the karst
watershed (Department of the Interior 2006, 2019; Nolfi 2011). Notably, neither
Mammoth Cave nor Carlsbad Cave plans detail how karst groundwater vulnerability,
significance, or disturbance are assessed (Department of the Interior 2006, 2019).
Similar to the NPS, the U.S. Forest Service (USFS) has national guidelines as
well as forest specific plans. The original plan was developed after the FCRPA and
focuses on designating significant caves for management and outlawing certain activities
in all caves, like lighting fires or discharging firearms (Stitt 1994). Since the original
FCRPA guidelines, the USFS has expanded their guidelines to include karst education,
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cave management plans, visitation limits, cave inventories and biological inventories as
well as larger management guidelines on identifying how land uses and management
activities may affect hydrology, biology, safety, recreation, and the associated cultural or
paleontological resources in caves (Kovarik 2013).
2.4 Cave and Karst Inventories
Caves have been inventoried sporadically since at least the 1700s for biota,
archaeological sites and fossils (Brown 1999; Douglas 1999; Buck et al. 2003; DuChene
2006). With the Federal Cave Resources Protection Act and the USDA’s establishment of
the six categories used to classify a cave as significant, land managers needed a
systematic way of inventorying caves for a variety of features (Stitt 1994; U.S. Forest
Service 2016). These inventories are typically paper-based, but more recent inventories
have moved towards electronic and GPS-based methods (Harley et al. 2010; van Aken et
al. 2014).
As the inventory techniques evolved, they became more comprehensive, but also
more difficult and costly to apply. Some skills beyond that of a general land manager or
technician may be required to complete the newer inventories, since the identification of
specific speleothems, geologic strata, or bacterial growth in caves is not common
knowledge (Harley et al. 2010). While workshops for identifying cave and karst features
have been held with land managers and staff, these are typically ad hoc, and not
consistent. Land managers would likely have better success by tailoring inventory
methods to meet the skill level and time allotted to an inventory project.
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2.5 Environmental Indices
Environmental indices were developed to condense complex environmental data
into a communicable form that often drives resource policy and management. These
indices are a combination of several environmental indicators into one tool. While
environmental indicators are often used individually to understand the state of the
environment and monitor progress towards environmental goals, combining them into
indices provides a wider perspective (Smeets and Weterings 1999). Within indices,
indicators are aggregated and scored to evaluate and condense multiple, complex
environmental factors (Ebert and Welch 2004). Many indices are made to apply to all
environments, but others are landscape specific, applying to a variety of landscapes such
as savannah (Macedo et al. 2018), desert (Cheng et al. 2020), karst (van Beynen and
Townsend 2005), or marine environments (Halpern et al. 2014).
Environmental indices often support and guide policy development, management
priorities, or are used to monitor the effects of policies and enforcement (Hammond et al.
1995; Smeets and Weterings 1999). While they have many uses, the most common are
for resource allocation, ranking allocations, enforcement standards, trend analysis, public
information, or scientific research (Jain and Singh 2003). Indices can be used by a variety
of entities and at different scales. On the international level, they have been used by the
Organization for Economic Cooperation and Development (OECD) for integrating
environmental concerns into economic decision making (OECD 1989). At a national
level, they have been used by the U.S. Environmental Protection Agency (EPA) to
document the change in ecological resources across the country (EPA 1990) or have been
used in collaboration between private and public entities to monitor the state of U.S.
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national parks (Nations 2011). Finally, at the local and private-sector level, they have
been applied ad hoc for environmental impact assessments and monitoring (Jain and
Singh 2003).
Indices have been developed within a few distinct frameworks. The most common
index framework is the matrix assessment, but there also exists the checklist, network,
and overlay methods (Jain and Singh 2003). The matrix method is likely the most
common because it is the most balanced between ease of application (with only the
checklist framework being potentially easier) and overall utility. The overlay approach
requires different, potentially more difficult methods to apply but may be more useful
than the matrix assessment due to its inherent spatial nature. This approach incorporates
cartographic methods with index application and has become easier to apply and more
effective since the development of GIS technologies; due to this technologic shift, the
overlay framework has become more common since the initial development of
environmental indices (Jain and Singh 2003).
Environmental indices often compile data to reflect the interactions between the
environment and humans through the DPSIR (or the simplified PSR) framework of
Drivers, Pressures, State, Impact, and Responses, shown in Figure 2.1 (Hammond et al.
1995; Smeets and Weterings 1999; Borja and Dauer 2008). Successful, holistic indices
should strive to reflect all aspects of DPSIR, while maintaining their relevancy, ease of
use, and keeping an appropriate level of complexity (Hammond et al. 1995; Smeets and
Weterings 1999).
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Figure 2.1 The DPSIR Framework for Reporting on Environmental Issues (Source:
Smeets and Weterings 1999).
Since the core of an index is the indicators that compose it, the selection of
appropriate indicators is critical. These indicators must be comprehensive enough to
reflect a holistic view of the environment, yet, not be so complex as to render the results
of the index obscure or too difficult to apply (Borja and Dauer 2008). Indicators can be
classified into four categories of descriptive, performance, efficiency, and total welfare
(Smeets and Weterings 1999). Of these four categories, only the total welfare category
may not apply to managed lands since it relies on derived measures of total sustainability.
These measures require a lot of data that are typically applied on a national or global
scale (Smeets and Weterings 1999). Descriptive indicators are used to describe the state
of the environment and should function as the backbone of an index, but performance
indicators represent the state of the environment in relation to management or policy
goals and is important for land managers who could be held accountable for changes in
the environment (Smeets and Weterings 1999). Efficiency indicators represent the rate of
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effect from human activities, which is typically applied in an economic sense (e.g., raw
materials extracted per unit GDP or waste generated per unit GDP) (Smeets and
Weterings 1999). These may be useful to land managers, depending on their goals, but
they may have to be tweaked to utilize visitation or some other metric, since some
managed lands may not be operated for growth or profit. Each indicator category has its
uses; so, when developing an index, indicators covering the categories of descriptive,
performance, and efficiency should be considered.
Beyond the selection of indicators, clearly describing and defining the scoring
process is critical to the validity of the results. Unclear scoring definitions introduce bias
into an index. When indices with vague scoring definitions are applied and reapplied,
especially by different people or groups, the vagueness allows room for interpretation,
which can cause scores to vary arbitrarily (MacDonald 1996). To reduce arbitrary
differences in scoring, selected indicators must be described clearly. Index scoring should
be systematic and leave little room for personal interpretation. In some indices, scoring is
weighted, which should be considered when developing an index; however, it becomes
difficult to assign weights to indicators when addressing complex, natural systems where
the precise relationship between each indicator can be unclear (Lindsey et al. 1997;
Semler 2019).
2.6 Cave and Karst Indices and Evaluation Tools
Since the early 2000s, several karst indices have been developed with varying
goals and veracity (van Beynen and Townsend 2005; Harley et al. 2011; van Beynen et
al. 2012a; Trofimova 2014; Donato et al. 2014; Kaiser 2019; Semler 2019). Many of
these indices focus specifically on caves, while others focus on karst landscapes. The
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indices have aimed to score areas on disturbance, significance, tourism management,
conservation, sensitivity and vulnerability. Disturbance indices have attempted to
quantify environmental impacts from a karst specific lens. Vulnerability indices attempt
to quantify the intrinsic properties of an aquifer and its susceptibility to human impacts
and contaminants (Liggett and Talwar 2009). Karst disturbance and vulnerability indices
are the oldest forms of karst management indices and have been relatively well developed
and have undergone many modifications compared to newer indices (Doerfliger et al.
1999; Goldscheider et al. 2000; Daly et al. 2002; Davis et al. 2002; van Beynen and
Townsend 2005). Also, the indices assessing factors outside of disturbance or
vulnerability are typically standalone and have not been applied to multiple study areas.
2.6.1 Karst Disturbance Index
The most holistic and well-established of the cave and karst indices is the Karst
Disturbance Index (KDI) shown in Table 2.1, which was created in 2005 to provide an
efficient and holistic method to measure impacts on karst environments (van Beynen and
Townsend 2005). Since its initial development, it has been applied to karst environments
across the globe in Italy (Calò and Parise 2006; De Waele 2009), Jamaica (Day et al.
2011), Florida (North 2007), New Zealand (van Beynen and Bialkowska 2012), Spain
(Angulo et al. 2013), Mexico (Kovarik and van Beynen 2015), Puerto Rico (Porter et al.
2016), Botswana (Tlhapiso and Stephens 2020), Slovenia (Ribeiro and Zorn 2021), and
China (He et al. 2021).
The KDI has undergone several modifications and refinements since its initial
creation. Most of the modifications to the indicators have been minor wording and clarity
changes, with only some indicators being added or removed. The largest deviation from
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the original method (OM) was de Waele’s (2009) overhaul of the KDI, which provided
an entirely different set of indicators that were more specific than the OM. Porter (2010)
evaluated and modified the de Waele (2009) KDI method to create a modified method
(MM). This method continued the specificity of de Waele’s (2009) index, disaggregating
and combining some indicators, while also shedding some of the more indirect indicators
from van Beynen and Townsend (2005) that related to stewardship, education, and
regulations. The specific indicators of the de Waele (2009) MM likely lend themselves to
being more useful when applied spatially, especially alongside GIS; however, since the
indirect indicators of the OM are important and help to encompass a broad range of
smaller impacts not measured, they should not be ignored.

21

Table 2.1 Example of Indicators in the original Karst Disturbance Index (Source: van Beynen and Townsend 2005).
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Compared to the van Beynen and Townsend (2005) and van Beynen et al. (2007)
OM, Porter et al. (2016) found that the MM resulted in higher disturbance scores. The
MM was found to produce a higher score in the Arecibo region of Puerto Rico than the
OM, which Porter et al. (2016) suggested could be due to the impacts of lacking data in
the OM; the researchers partially fixed this by adjusting the total maximum score of the
OM to subtract the potential points of each indicator that lacked data. If a holistic karst
disturbance index is one that addresses all aspects of karst disturbance, the MM could
also be seen as less holistic, since it does not account for indirect impacts on karst, such
as educational programs, regulation, or enforcement.
2.6.2 Cave and Karst Indices
Since the development of the Karst Disturbance Index, many more cave and karst
indices have been created, shown in Table 2.2. These indices collectively address a
variety of different cave and karst features and management aspects outside of
disturbance, but most of these indices have not been applied outside of their original
study area.
Table 2.2 Summary of Existing Cave and Karst Indices (Created by Author).
Index

Category

Scale

Author

Year
2005

KDI

Karst Disturbance Index

Disturbance

Karst

KSI - Van
Beynen
KSI Angulo
KTMI

Karst Sustainability Index

Sustainability

Karst

Karst Significance Index

Significance

Karst

van Beynen
and Townsend
van Beynen et
al.
Angulo et al.

Karst Tourism
Management Index

Tourism

Karst

Semler

2019

CDI Harley
CSI
CMI

Cave Disturbance Index

Disturbance

Cave

Harley et al.

2011

Cave Sensitivity Index
Show Cave Management
Index

Vulnerability
Tourism

Cave
Cave

Harley et al.
Cigna and
Pani

2011
2013
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2012
2013

Rap-cei
CDI Trofimov
a
CCI
RAP-cr

CCPi
UKARE

Rapid assessment protocol
of environmental impact
related to caves
Cave Disturbance Index

Disturbance

Cave

Donato et al.

2014

Disturbance

Cave

Trofimova

2014

Cave Conservation Index
Rapid assessment protocol
of cave vulnerability for
prioritization of
conservation and/or
restoration actions
Cave Conservation Priority
Index
Urban Karst Aquifer
Resource Evaluation

Conservation
Vulnerability

Cave
Cave

Donato et al.
Donato et al.

2014
2014

Conservation

Cave

2015

Holistic

Aquifer

Souza Silva et
al.
Kaiser

2019

The Karst Sustainability Index (KSI) is a relatively new index that has not been
applied outside of the original study (van Beynen et al. 2012a). The index establishes
social, environmental, and economic indicators and allows land managers to set targets to
be met. The social domain of the KSI includes indicators that are typically ignored by
other indices; specifically, two indicators on equitable access and indigenous peoples’
access. This index is management-focused and easy to score and provides a simple
dashboard to measure progress or declines in sustainable practices in their karst area.
Using the same acronym as the Karst Sustainability Index, the Karst Significance
Index was introduced as part of a larger study which attempted to more holistically look
at karst management by applying this significance index alongside the Karst Disturbance
Index (Angulo et al. 2013). The index looks at indicators in six categories:
geomorphology, geology, biota, hydrology, and cultural. The significance indicators take
into account some recreational or aesthetic values that many other indices ignore but are
valuable to managers. The value of resource significance cannot be ignored, especially
when designing tools for management, so this index would likely be useful as part of a
broader managerial tool.
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The majority of the disturbance indices are focused on individual caves or specific
cave tourism impacts (Harley et al. 2011; Cigna and Pani 2013; Donato et al. 2014;
Trofimova 2014; Souza Silva et al. 2015; Semler 2019). The Karst Disturbance Index is
the only disturbance index developed for regional-scale, holistic assessments of karst
disturbances (van Beynen and Townsend 2005). The two karst tourism indices, the Karst
Tourism Management Index (KTMI) (Semler 2019) and Show Cave Management Index
(MEI) (Cigna and Pani 2013) are essentially cave/karst disturbance indices but focused
on show caves. The MEI and KTMI indicators differ greatly with the MEI focusing
heavily on specific, show-cave factors such as light sources and positions or tour route
types, while the KTMI focuses about half on specific disturbances or disturbance
monitoring and half on the quality of management planning. The KTMI is more thorough
that the MEI and would likely be more effective if applied.
There exist two indices titled the “Cave Disturbance Index” (CDI) which were
published in 2011 (Harley et al.) and 2014 (Trofimova); however, only the index created
by Harley et al. (2011) study has seen much application. When compared to the
Trofimova (2014) CDI, the Harley et al. (2011) CDI, is clearer and provides more
guidance for assigning scores by defining localities and percentage thresholds. Similar to
the CDIs, two other cave disturbance indices were created as part of larger studies, but
are both too study-site specific and have not been applied or compared to any other
regions (Donato et al. 2014; Souza Silva et al. 2015)
The Cave Conservation Index (CCI) (Donato et al. 2014) and the Cave
Conservation Priority index (CCPi) (Souza Silva et al. 2015) are both aimed to prioritize
specific caves for management and conservation efforts. Both of these indices combine
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the scores of two distinct factors, one of which being a cave disturbance index, to
calculate final scores. The CCPi combines a cave disturbance score with a Biologic
Relevance score, entirely based on troglomorphic/troglobitic species presence, in order to
calculate the priority score. Alternatively, the CCI uses its own two named indices, the
Rapid Assessment Protocol of Environmental Impact Related to Caves (Rap-cei) and
Rapid Assessment Protocol of Cave Vulnerability for Prioritization of Conservation
and/or Restoration Actions (Rap-cr). Unlike the CCPi, the CCI and Rap-cr assess the
priority for conservation with more than just species richness, taking a more holistic
approach and considering biologic, anthropic and geologic features as well as current
management efforts.
Interestingly, neither the CCI (Donato et al. 2014) nor CCPi (Souza Silva et al.
2015) use the Cave Disturbance Index (Harley et al. 2011) for their cave impact
assessment. This would likely have been easier than developing their own indices, while
also proving more useful, since the Cave Disturbance Index has more precise and
thorough scoring guidelines. Both the CCI and CCPi were the first indices developed to
prioritize specific caves for management and both proved useful in their study areas,
although the CCI is more holistic and can be applied for broader management priorities,
not only management for biotic resources.
Although more specific than the previously mentioned indices, the Urban Karst
Aquifer Resources Evaluation and Monitoring Toolbox (UKARE) developed three
evaluation tools to measure threat, vulnerability, and monitoring status of karst aquifers,
which can be used separately or in conjunction with each other (Kaiser 2019). The
toolbox and its indices are aimed at the managers and policymakers of karst aquifers in
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urban environments, which is unique since none of the previously mentioned tools have
been framed or developed in the context of exclusively urban karst. The UKARE
currently represents the most thorough and holistic assessment of urban karst aquifers.
2.6.3 Karst Groundwater Vulnerability Indices
Since water plays such a large role in karst environments, karst groundwater
vulnerability models (GVM) and indices (Table 2.3) are often used as a primary tool for
karst management (Kovarik 2015; U.S. Forest Service 2016; Kazakis et al. 2018). There
are a variety of different methods which can be used to assess karst groundwater
vulnerability and there currently is no standard method. Modern examples of these
methods are DRISTPI (Jiménez-Madrid et al. 2013), KARSTIC (Davis et al. 2002),
KAVI (van Beynen et al. 2012b), the European approach (including COP/COP + K and
the Slovene Approach) (Daly et al. 2002; Andreo et al. 2009; Ravbar and Goldscheider
2009), and PaPRIKa (Plagnes et al. 2010; Kavouri et al. 2011). These methods are all
partially derived from four parent methods DRASTIC, EPIK, PI, and VULK (Aller et al.
1987; Doerfliger et al. 1999; Goldscheider et al. 2000; Jeannin et al. 2001; Iván and
Mádl-Szõnyi 2017).
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Table 2.3 Groundwater Vulnerability Models (Modified from Iván and Mádl-Szõnyi
2017).
Method
COP and COP +K
DRASTIC

DRSTPI
EPIK

Main Parameters
Concentration of Flow, Overlying
layers, Precipitation + Karst
Network Development
Depth to water, Net Recharge,
Aquifer media, Soil media,
Topography, Impact to vadose
zone, Conductivity to aquifer
Depth to water, Recharge,
Lithology, Soil, Topography,
Preferential Infiltration
Epikarst, Protective cover,
Infiltration conditions, Karst
network development

Scale
Meso-micro

Test Site
Spain

Micro

Meso

Sierra de Cañete, Spain

Micro

Saint-Imier, Switzerland

The European
Approach
KARSTIC

Overlying layers, Concentration
of flow, Precipitation

Meso

Sierra de Libar, Spain

Karst development and fractures,
Aquifer medium, Recharge rate,
Soil medium, Topography, Impact
of the unsaturated zone and depth to
water, Conductivity of the aquifer

Meso

Black Hills, South Dakota

KAVI

Soil Permeability, Depth to
water table, Hydraulic
conductivity, Epikarst,
Landover, Roads

Meso

Hillsborough County,
Florida

PI

Protective Cover, Infiltration
conditions
Overlying layers, Concentration of
flow, Precipitation + Karst network
development
Flow velocity, Flow distance
through
each subsystem, Coefficient of
longitudinal dispersity, Dilution (for
single porosity) + Porosity,
Exchange
coefficient between two porosities
(for
dual porosity)

Meso-micro

Swabian Alb, Germany

Meso-micro

Podstenjsek springs
catchment, Slovenia

Micro

Jura Mountains,
Switzerland

The Slovene Approach
VULK

Each GVM has its own advantages and weaknesses, but since many of the GVMs
are relatively new, they have not had sufficient testing and validation, so it is difficult to
identify the easiest and most effective methods (Iván and Mádl-Szõnyi 2017). Most of the
GVMs have been validated on their initial study site via tracer tests and comparisons with
other methods, but due to the scale of projects to implement and validate GVMs in
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different study sites, many have only been tested in one area (Kattaa et al. 2010; Koutsi
and Stournaras 2011).
In more recent years, the KDI was applied spatially using GIS mapping (Angulo
et al. 2013, Kovarik and van Beynen 2015). These studies used raster and vector-based
approaches to map and calculate the overall disturbance scores, while also overlaying
them with a groundwater vulnerability model (COP) (Kovarik and van Beynen 2018) or
Karst Significance map (Angulo et al. 2013). Once combined, both of these methods
produced a management concern/priority map (Figures 2.2 and 2.3).

Figure 2.2 Priority Management Index (PMI) Map (Source: Angulo et al. 2013).
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Figure 2.3 Management Zone Mapping (Source: Kovarik and van Beynen 2018).
Much of the visual difference between the two maps shown as Figures 2.2 and 2.3
comes from the way each study categorized the final data (Kovarik and van Beynen
2018). Kovarik and van Beynen (2018) combined the vulnerability and disturbance
indices to create aggregate values which were categorized before application, while
Angulo et al. (2013) categorized the values after they were calculated using Jenks natural
breaks. While the absolute categorical method of Kovarik and van Beynen (2018) may
potentially provide a better map for comparisons between regions, it designated almost
no land as highest concern, and what was designated as high concern was scattered and
difficult to see. Angulo et al.’s (2013) relative categorization may be more useful for land
managers since it provides slightly larger and more continuous areas of each management
category, but it also may incorrectly group areas with different management needs. Since
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both of these methods have different advantages and disadvantages, it may be valuable to
create both the absolute and relative categorized maps, especially due to the relative ease
of creating both maps once the scores have been calculated.
While both of the spatial KDI methods produced a similar end-product, the use of
the vulnerability modeling in one method (Kovarik and van Beynen 2018) and karst
significance in another (Angulo et al. 2013) creates differently prioritized management
zones. Angulo et al. (2013) methods using the significance index may be more likely to
prioritize disturbed areas with unique or significant geomorphological, geological, biotic,
hydrological or cultural features, while the methods using the groundwater vulnerability
model only account for the disturbances and the predicted vulnerability. This almost
exclusively accounts for soils, lithology and hydrology. Directly combining a holistic
index (the KDI) with the COP is problematic, since many indicators of the KDI, such as
the removal of cultural artifacts, are completely irrelevant to groundwater vulnerability.
Depending on what managers prioritize, either combination method may prove valuable,
but modifications must be made to either.
2.7 Cave and Karst Management in the Tongass National Forest
The current Tongass National Forest (TNF) management plan has an entire
section dedicated to cave and karst resources (U.S. Forest Service 2016) and outlines a
four-step plan for karst landscape assessment. Karst lands are identified, inventoried,
hydrologically delineated, and then assessed for vulnerability. Under their plan, the levels
of vulnerability are classified by the speed of groundwater recharge in the karst. Also,
surface areas above cave passage at a 45-degree angle from the edge of the cave passages
to the surface are designated as high vulnerability (U.S. Forest Service 2016). This 45-
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degree angle rule is not justified, since the land above the cave may not be associated
with the subsurface directly below and was likely enacted as best-guess approach to
protect the cave resource due to the understudied nature of the surface-subsurface
interactions of the TNF’s karst.
The TNF Management Plan relies on its karst vulnerability map to decide which
management activities happen n the surface, and the cave classifications (significant,
direct access, or undeveloped) to determine what can happen in the subsurface; however,
there is little interaction between these two tools outside of the 45-degree angle rule. The
only surface protections for caves beyond the passage-surface buffer and cave entrance
buffer are described under the Catchment Area Management section. These watershed
protections are vague, rely on an undefined “sensitivity to cumulated land use activities,”
and are generally not utilized (U.S. Forest Service 2016, H-7).
The TNF is managed for extraction and recreation, and its karst features have thus
been impacted by historical and present uses for timber harvests, tourism, quarries, and
mining (U.S. Forest Service 2016). These impacts have typically occurred legally, under
the management of the TNF, or in caves that are mostly unmanaged due to their remote
nature (U.S. Forest Service 2016). While the TNF has a management plan in place some
priority evaluation strategies such as the 45-degree angle rule are not rooted in science
and may not protect the subsurface karst. The TNF plan and its karst management zones
currently contain no evaluation of disturbance, and a flawed assessment of significance
tied to the vulnerability methods (Baichtal 1997; U.S. Forest Service 2016). Also, there
are no guidelines for the identification, remediation or management of significant features
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after they have been disturbed. For these reasons, the TNF karst would benefit from a
tool which evaluates significant karst, disturbed karst, and the overlap between the two.
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CHAPTER THREE: DEVELOPING AND APPLYING AN INTEGRATED
KARST EVALUATION AND MANAGEMENT PRIORITY TOOL: A CASE
STUDY OF TONGASS NATIONAL FOREST, ALASKA, USA

3.1 Introduction
Karst is formed through the dissolution of soluble bedrock, creating a landscape
with a high connectivity between surface and subsurface waters that is characterized by
the presence of springs, sinking streams, caves, and sinkholes (Palmer 2007). Karst areas
across the globe are recognized and protected for their geologic, hydrologic, historical,
cultural, and biologic resources (Ford and Williams 2007; Williams 2011). Despite their
recognized significance, karst resources have been imperiled by a variety of disturbances,
amplified by their inherent vulnerability (Gutiérrez et al. 2014).
Since the 1990s, efforts to inform land managers on how to quantify important
aspects of karst, including disturbance, vulnerability, and significance, has become a
popular area. Initially, researchers focused exclusively on defining karst groundwater
vulnerability, before more holistic approaches, such as the Karst Disturbance Index
(KDI), were proposed in the mid-2000s (Doerfliger et al. 1999; Goldscheider et al. 2000;
Daly et al. 2002; Davis et al. 2002; van Beynen and Townsend 2005). The development
of the KDI spurred a variety of studies branching away from vulnerability and into
disturbance, significance, sustainability, and sensitivity indices for a variety of scales and
applications (Harley et al. 2011; van Beynen et al. 2012a; Angulo et al. 2013; Cigna and
Pani 2013; Donato et al. 2014; Trofimova 2014; Souza Silva et al. 2015; Semler 2019;
Kaiser 2019).
The KDI has been the most widely used, applied, and refined index since its
inception (van Beynen and Townsend 2005; Calò and Parise 2006; van Beynen et al.
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2007; de Waele 2009; North et al. 2009; Angulo et al. 2013; Kovarik and van Beynen
2015; Porter et al. 2016; Tlhapiso and Stephens 2020; He et al. 2021; Ribeiro and Zorn
2021). Since the introduction of the KDI, the most recent modification from an in-depth
review and revision was published by Porter et al. (2016). While most improvements
were made specifically as refinements to the original KDI, both Angulo et al. (2013) and
Kovarik and van Beynen (2018) adapted the KDI to be applied spatially and combined it
with another index to further the understanding of how disturbances are impacting the
karst environment. While the spatial adaptations provide more useful and insightful endproducts compared to the original KDI, both adaptations lost much of the refinement of
the Porter et al. (2016) modified KDI during the spatial transition. A set of tools
combining the refinement of the Porter et al. (2016) and the advantages of a combined,
spatial KDI would produce a more effective and useful karst evaluation index.
This study evaluated existing cave and karst management plans in order to
identify their described needs. Once the management needs and goals were analyzed, a
set of cave and karst indices were created to meet these needs and goals. Since land
managers describe a need to identify significant features and protect them from
disturbance, the cave and karst indices created aimed to provide spatial understanding of
karst disturbance and significance, as well as the relationship between the two. The tools
created to provide this understanding are the spatial Karst Disturbance Index (sKDI), the
spatial Karst Significance Index (sKSI), and the integrated, spatial Karst Priority
Management Index (sKPMI). These tools were applied to the Beaver Falls karst region of
the Tongass National Forest as a validation case study. The objective of this project was
to answer the following research questions:
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•

What are the common criteria used for karst land management and are they
consistent across scales and regions?

•

What are the most effective evaluation tools for land managers in prioritizing
karst management activities?
o How can the existing karst land management tools be improved?
o Can existing methods for evaluating karst management priorities be
reconciled and synthesized into a cohesive, evaluative tool useful for karst
land managers?

•

Is an integrated spatial karst land management tool effective at guiding
management efforts in the Beaver Falls Karst area in the Tongass National
Forest?

3.2 Study Area
3.2.1 The Tongass National Forest
The Beaver Falls Karst case study area is located and administered by the
Tongass National Forest (TNF). The TNF is located in Southeast Alaska and is the
largest forest unit managed by the U.S.F.S. covering more than 68,000 square kilometers
and hosting the world’s largest intact temperate rainforest (U.S. Forest Service 2016).
Over 3,000 square kilometers of the TNF is karst, largely clustered on Prince of Wales
Island (Baichtal 2021). The Beaver Falls Karst is found on the north end of Prince of
Wales Island.
The U.S.F.S. manages the karst in the TNF by identifying karst features,
inventorying them for significance, delineating their catchment area and then assessing
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the area for vulnerability (U.S. Forest Service 2016). The vulnerability levels correspond
to different levels of protection. High vulnerability karst areas are completely excluded
from development (U.S. Forest Service 2016). Much of the study area, the Beaver Falls
Karst, has been designated as high vulnerability.
3.2.2 Prince of Wales Island
The study area, the Beaver Falls Karst, is located on Prince of Wales Island
(POW) shown in Figure 3.1. POW is located in Southeast Alaska with the majority of its
land within the TNF borders. POW is the largest, southernmost island in the Alexander
Archipelago and is primarily made up of temperate rainforests, dominated by old growth
stands of Sitka Spruce and Western Hemlock (Harris et al. 1974). The island is 225 km
long and 72 km wide, with a population of about 6,200 that is mostly found in the
settlements of Craig, Hydaburg, Thorne Bay, and Klawock (U.S. Census Bureau 2020).
These communities economically rely on forestry, commercial fishing, tourism, and
mining (U.S. Forest Service 2016).
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Figure 3.1 Prince of Wales Island Karst and Study Area Location (Created by Author).
3.2.3 Climate of Prince of Wales Island
The climate of Prince of Wales Island is similar to much of Southeast Alaska,
which experiences a maritime climate that is wet and cool. The temperatures are
moderate year-round, with coastal areas ranging from average high temperatures of 15-17
°C in the summer with lows of 8-10 °C. The high temperatures in the winter are around 5
°C and the low temperatures are just below freezing (Western Regional Climate Center
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2016). Coastal areas also see around 200-250 mm of precipitation per month except
during the summer months when residents experience a relative reprieve from the rain
with only 75-150 mm of precipitation (Western Regional Climate Center 2016). This
moderate climate is largely controlled by air masses that rise off the seas and
condensate/precipitate as they move over the mountains and cool (Harris et al. 1974).
3.2.4 Geology and Geomorphology of Prince of Wales Island
Prince of Wales Island is mountainous, and the landscape is heavily influenced by
its glacial history and geology. The mountains of Prince of Wales Island generally reach
altitudes of 900 meters above sea level and locally reach elevations of around 1,200
meters at Copper Mountain and Neversummer Peak (Harris et al. 1974). Faulting due to
uplift combined with the impacts of glaciers, which are no longer found on POW, have
scarred the landscape leaving behind deranged drainages, steep glacial valleys, irregular
coastlines, and left many caves filled with till (Condon 1961).
POW is primarily comprised of Paleozoic sedimentary and volcanic rocks often
covered in glacial till from the late Pleistocene that varies in thickness (Condon 1961;
Kovarik 2007). The limestones and other sedimentary rocks of POW were deposited
from the late Precambrian to the Early Jurassic period and belong to the Heceta, Descon,
Saginaw Bay, Bay of Pillars, Pybus, Kennel Creek, White Strip, and Lyokeen formations
(Soja 1991; Baichtal and Swanston 1996). The limestones were deposited in marine and
lagoon environments surrounding volcanic islands located around the equator (Aley et al.
1993). The carbonate bedrock is mostly recrystallized and has been heavily fractured due
to tectonic action; however, most limestones remain unmetamorphosed except for
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localized contact metamorphism and the less-studied marbles of southern POW (Aley et
al. 1993).
3.2.5 Karst of Prince of Wales Island
The karst of Prince of Wales Island as shown in Figure 3.1 is mostly distributed
on the northern half of the island, where Beaver Falls is also located (Baichtal 2021).
There are a variety of karst features visible on POW, largely due to the variety of
elevations, slopes, and geologic structures seen in the karst areas (Aley et al. 1993). The
epikarst on POW is well-developed and has a thickness that is more than 30 meters deep
and completely devoid of soil in some alpine environments (Aley et al. 1993). POW also
boasts a variety of caves and shafts, the most famous two being El Capitan Cave, which
is nearly four km long and run as a tourist cave by the forest service, and El Cap Pit,
which holds the record as being the deepest limestone shaft in the United States at 182
meters deep (Allred 2008). On the island, three karst areas are developed, due to their
significance, for karst-related recreation and education: El Capitan Cave, the Beaver Falls
Karst and Cavern Lake Cave.
The karst of POW is controlled by six main factors: (1) purity of the carbonate
rock; (2) faulting, jointing, fractures, and bedding planes in the rock, (3) occurrence
of igneous rock which impede development and locally metamorphosed carbonates
during their formation, (4) proximity to acidic drainage from muskegs and other forest
vegetation, (5) modifications of topography and surface drainage from glacial activity,
(6) precipitation rates and temperatures on the island which influence weathering and
dissolution (Baichtal and Swanston 1996). Recent studies have shown that the
modifications to surface drainage through the deposition of calcareous till may also be

40

impacting the further development of karst on the island (Harris 2020). Of these six
factors, only factor 3, the occurrence of igneous rock, is not well represented in the
Beaver Falls Karst.
3.2.6 Beaver Falls Karst
The Beaver Falls karst area, shown in Figure 3.2, is a designated geologic special
area located in northern Prince of Wales Island, focused on Beaver Falls Cave. The karst
area is approximately 30 square kilometers and generally bordered by El Capitan Passage
to the west, Sink Hole Lake to the North, Neck Lake to the south, and Loop Road to the
east. The area immediately surrounding Beaver Falls Cave has been developed as a
recreational and educational attraction. A boardwalk trail has been built to allow visitors
to see and learn about multiple features with signage, including Beaver Falls Cave,
Toad’s Plunge Pit, the muskeg that provides water to Beaver Falls Cave, and the
sinkholes that dominate the landscape.
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Figure 3.2 Beaver Falls karst area (Created by Author).
Beaver Falls Cave receives allogenic recharge from Beaver Falls Creek, which
winds through a muskeg to the east, and autogenic recharge from the sinkhole covered
karst plain above. The water flows from Beaver Falls Creek, down a waterfall, shown in
Figure 3.4, and into the cave entrance before it drops to a depth of 56 meters,
disappearing at a sump, before resurging at the spring one kilometer to the north (Allred
1996). While dye traces have established a connection between Beaver Falls Cave, two
nearby features, and the Beaver Falls spring, the full extent of the watershed is unknown
(Prussian and Baichtal 2007).
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The Beaver Falls Karst has been subjected to disturbance primarily from logging
and its associated infrastructure (roads and quarries). The majority of logging occurred
between 1965 and 1980, but smaller units were logged throughout the 1980s and 1990s,
as shown in Figure 3.3 (U.S. Forest Service 2021). Since karst protections only began in
the 1990s, there were no rules limiting the disturbance to the karst. As such, there was no
buffer protecting karst features, so the landscape was clear-cut with many unusable or
fallen trees being dumped into sinkholes, caves, and pits.

Figure 3.3 Logging Disturbance by Year on the Beaver Falls Karst (Created by Author).
Local geologists, cavers, and scientists have hypothesized that historic clearcutting resulted in the intense flooding seen in Beaver Falls Cave, shown in Figure 3.4
below (Curry 2003). The hypothesis is that clear-cutting mobilized the sediments in the
watershed, which were then washed into karst features and Beaver Falls Creek, finally
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concentrating in Beaver Falls Cave, and infilling many of the conduits. Some research
supports this hypothesis, as massive banks of sediment in the cave were dated to modern
times (post-1950) (Curry 2003).
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Figure 3.4 Beaver Falls Entrance Not Flooded (Top) and Flooded (Bottom)
(Photos by Author).
3.2.7 Study Area Justification
The Beaver Falls Karst area was chosen for use as a case study to test the
application of the newly designed spatial Karst Disturbance Index, spatial Karst
Significance Index, and spatial Karst Priority Management Index, because it is a managed
karst land with a variety of significant features and disturbances. This study site was also
selected because there is an existing body of data on the disturbances and significant
features generated over the past 30 years by cave explorers and the U.S.F.S.
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3.3 Methodology
The goal of this project was to create a set of tools that could be used by karst
land managers to understand the state of the karst they manage and how this state relates
to their described management needs; an outline of the project methods is shown in
Figure 3.5. Towards this goal, a review of over 100 karst management plans was
conducted in order to understand management needs, then the existing cave and karst
tools were quantitatively evaluated using the Desired Conditions Checklist and the Index
Effectiveness Matrix developed for this study. These evaluation methods assessed the
effectiveness of the indices and identified the gaps between what the tools assess and
what the land managers need. To fill the identified gaps, three new, spatial karst indices
were created: the spatial Karst Disturbance Index (sKDI), the spatial Karst Significance
Index (sKSI), and the spatial Karst Priority Management Index (sKPMI), which
combines the inputs and outputs the sKSI and sKDI.

Figure 3.5 Tool Development Methods Flowchart (Created by Author).
To create the sKDI and sKSI, existing indices were first evaluated and selected to
be used as a foundation for new index development. Index development involved the
addition, removal, or modification of indicators. Indicator modifications were made in
order to maximize the scoring criteria used in the evaluation step. After the indicators
were applied, they were re-scored using the evaluation methods as a form of front-end
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validation to determine if the sKDI and sKSI indeed represented an improvement from
the existing index tools.
After the sKDI and sKSI were created, they were integrated by multiplying their
final scores to create the sKPMI. The sKPMI provides a spatial representation of the
areas where there is significant karst that is disturbed. This index integration into the
sKPMI directly addresses the land managers’ expressed need to identify significant areas
of karst and protect them from disturbance. Finally, the three new indices (sKDI, sKSI,
and sKPMI) were applied to the case study area of Beaver Falls Karst in order to assess it
for disturbance and significance, as well as understand the relationship between the two
via the sKPMI and validate the efficacy of the newly developed indices. The
implementation of these indices is used to make management recommendations for the
Beaver Falls Karst and the wider Tongass National Forest.
3.3.1 Management Plan Review
A review of cave and karst management plans was done to identify if a standard
method of karst land management exists and, if so, to understand the common karst
management criteria used. The common criteria identified in this step were used as the
basis for the existing index evaluation and new index development. Over 100 protected
karst land management plans at the federal and international level were reviewed. These
included many plans from the U.S. National Parks System, U.S. Forest Service, and plans
from other countries such as Belize (Chiquibul Forest Reserve), China (Shilin National
Park), the United Kingdom (Brecon Beacons National Park), Australia (Jenolan Karst
Reserve), and others.
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The plans were specifically reviewed to understand and extract the desired
conditions for the karst area(s) being managed as well as the actions undertaken for
protection. The desired conditions from this step directly translated into the Desired
Conditions Scoring Checklist, shown in Table 3.2, which was also used to quantitatively
assess existing cave and karst indices. Both the management actions and desired
conditions described in the plans were then compared to identify consistencies in cave
and karst management strategies.
Despite there being a consistent lack of karst land management strategies, there
was one goal that all land managers were attempting to achieve; nearly all management
plans stressed a need to identify significant karst features and protect them from
disturbance. This goal later formed the basis for the utilization of a significance (sKSI)
and disturbance index (sKDI) to be integrated into the final, spatial karst priority
management tool (sKPMI).
3.3.1.1 U.S.F.S. Management Plan Review
Since there was little apparent consistency in karst land management strategies
(especially in their actions) at the international level, management plans from the United
States Forest Service (U.S.F.S.) were chosen for further assessment. U.S.F.S. plans were
selected because they provide a simpler frame of comparison, all operating in the same
branch of the U.S. government, within the same legal framework. They were also chosen
because, despite their many similarities, they still represent a diversity of managed karst
landscapes (including pseudokarst) at varying scales. For this step, 114 U.S.F.S.
management plans were evaluated. While there are 155 U.S.F.S. units, not all of the units
use their own unique plan and many are not readily accessible; however, the 114 plans
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reviewed still represent the majority of all plans used by the U.S.F.S. in a variety of cave
and karst landscapes.
The U.S.F.S. plans were evaluated by extracting their management actions and
aggregating them into the U.S.F.S. review checklist, shown in Table 3.1, to provide a
point of comparison. Some attributes were also added to the review checklist, such as
whether the management plans use the word ‘cave’ or ‘karst’ in order to understand
which plans, at a minimum, acknowledge these resources.
Table 3.1 U.S. Forest Service Management Plan Review Checklist (Created by Author).
U.S.F.S. Review Attribute
Uses word “Cave”
Uses word “Karst
Mentions Federal Cave Resource Protection Act
Describes desired condition of caves and karst
Establishes cave protections
Establishes watershed protections
Establishes general karst protections
Establishes karst feature protections
Establishes zonal karst categorization and protection
Establishes protections for cave-dwelling bats
Cave closure guidelines
Categorizes caves for protection beyond designations of significance
Promotes cave or karst inventory

Each management plan was assessed in relation to the review checklist. For every
attribute on the U.S.F.S. review checklist that a U.S.F.S. management plan met, the
attribute was scored as a 1. If the plan did not fulfill an attribute, it was scored a 0. To
generate a final score from the U.S.F.S. review, all of the attribute scores were added up
and then divided by the maximum possible score (13). The resulting data from this
process was a database of the management plans and the actions they used along with a
final score as a percentage (e.g., 13/13 would be a 100%). Both the database and the final
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score were used to analyze the data from the U.S.F.S. management plan review. The final
score provided a quantitative point of comparison for how comprehensive the karst
management is in each U.S.F.S. unit. The database created from the checklist provides
insight into the exact actions that different plans use, any trends between the actions used,
which region the plan is used in, and when the plan was first developed.
3.3.2 Karst Index Evaluation
Following the management plan review, existing cave and karst indices were
evaluated to determine how well the indices meet the expressed needs of land managers
and their effectiveness, ease of use, and universality. The evaluation criteria were derived
from a literature review on effective environmental indices, the goals of this study, and
the karst land management review. To perform this evaluation, two scoring tools were
used: the Desired Conditions Checklist and the Index Effectiveness Matrix. These were
used in conjunction with one another, as shown in Figure 3.6.
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Figure 3.6 Index Evaluation Methods Flowchart (Created by Author).
3.3.2.1 Desired Conditions Checklist Evaluation
First, the Desired Conditions Checklist was created by extracting and aggregating
desired conditions during the Karst Management Plan Review, explained in Section
3.3.1. Identified desired conditions were compiled in an Excel spreadsheet. Next, the
conditions were separated into categories to be compared. Then, the desired conditions
were aggregated if they assessed the same condition. Finally, the desired conditions were
grouped into the Desired Conditions Checklist under the categories of Geology,
Hydrology, Biology, Cultural, Scientific, Access, and Management, in accordance with
criteria similar to the FCRPA guidelines.
The Desired Conditions Checklist was used to score existing cave and karst
indices. Indices scored 1 point for every desired condition that they assess and 0 points
for each desired condition they do not assess. The scores for each index were then added
together and divided by the maximum possible score (23) and multiplied by 100 to
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produce a percentage score. This was repeated for each existing karst index that was
evaluated during this step.
Table 3.2 Existing Karst Index Desired Conditions Evaluation Checklist (Created by
Author).
Category

Desired Conditions Checklist

Geology

Geologic features undisturbed
Soils Undisturbed
Natural Karst processes continue
Cave Microclimates relatively unchanged

Hydrology

Hydrological systems unaltered
Flow into caves unaltered
Water flowing into caves is unpolluted
Groundwater dependent ecosystems unaltered

Biology

Flora and fauna are relatively undisturbed
Subsurface species of concern habitat intact
Cave habitats intact
Bat diseases are not introduced
Natural surface vegetation

Cultural

Aesthetic value intact
Cultural value intact
Archeological value intact

Scientific

Scientific value intact
Paleontological features intact

Access

Recreational and educational access to caves
Significant caves have their significant values intact

Management

Science based management
Cave and karst features known
Cave and karst resources available

3.3.2.2 Karst Index Effectiveness Scoring
In conjunction with the Desired Conditions Scoring, existing cave and karst
indices were also evaluated using the developed Karst Index Effectiveness Matrix, shown
in Table 3.3. The Karst Index Effectiveness Matrix was designed to assess three aspects:
the index’s efficacy as an environmental index, its universality, and its ease of use. The
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index efficacy indicators were derived primarily from a review of the literature on what
makes a successful environmental index (Lindsey et al. 1997; Smeets and Weterings
1999; Borja and Dauer 2008). The universality indicators were designed to address the
scope and scale of the indices, with indices addressing wider scopes and scales scoring
higher. Finally, since indices with more explicit scoring guidelines requiring fewer data
are typically simpler to use, these aspects were used as indicators to quantify the
application difficulty, covering the ease-of-use goal. The Karst Index Effectiveness
Matrix was designed to assess each existing index with indicators scored as a 0, 1, 2, or 3.
After the indicators are scored, the scores are added together to create a total score. The
total score was then divided by the maximum possible score (24) and multiplied by 100
to create the final percentage score.
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Table 3.3 Karst Index Effectiveness Matrix (Created by Author).
Indicator

0

1

2

3

Intended Expertise
Required

Karst Expert

Land Manager familiar with
Cave and Karst features

Layperson

Index Framework
(described in 2.7)
Intended Scale

Network

Checklist

Land Manager not familiar
with Cave and Karst
features
Matrix

Cave

Micro – Single Watershed or
small area focused around a
single feature

Meso – multiple watershed
scope encompassing one or
multiple related land areas

Intended Scope

Application scope
undescribed or unclear

Designed exclusively for one
location

Dataset
Requirements

General land use data as well
as cave and karst inventories
and some mapped subsurface
hydrology

Spatial Application

General land data and
thorough, comprehensive
and quantitative inventories
of cave and karst features,
watersheds, and biota
No spatial data used

Specific to one type of karst
e.g., fluviokarst, hypogene
karst, urban karst, rural
karst
General data on land use,
geology, and minimal karst
data (feature locations and
general descriptions)

Macro – large area
crossing political,
watershed, and/or
ecosystem boundaries
Intended to be applied to
any karst area

Indicator
Definitions

Indicator scoring is
undefined

End Products

No Scoring

Definitions of each score are
vague and open to
interpretation
Overall Score

One or two indicators are
spatial
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Spatial datasets are
required for multiple
indicators
Definitions are thorough,
but may be open to some
interpretation
Zonal scoring (Medium
Resolution Geospatial)

Overlay

No existing dataset
required

Index relies on spatial
data and GIS mapping
Definitions are explicit
with almost no room for
interpretation
Feature-based scoring
(High Resolution
Geospatial)

3.3.3 Tool Development
To develop the spatial Karst Disturbance Index (sKDI), spatial Karst Significance
Index (sKSI), and spatial Karst Priority Management Index (sKPMI), existing indices
were first chosen based on overall scores as a foundation for development. Next, these
indices were modified into the new sKDI and sKSI. Then, the indices were applied to the
Beaver Falls study area, re-evaluated, and validated using the Desired Conditions
Checklist and Index Effectiveness Matrix. Finally, the sKDI and sKSI were integrated
into the final sKPMI.
3.3.3.1 Index Foundation Selection
Existing cave and karst indices were selected to be used as a foundation for
development based on two criteria. The first criterion was that the selected index should
score the highest overall in the Karst Index Evaluation (Table 3.3). The second criterion
was that the indices selected should fulfill the expressed management need to identify
significant karst areas and to protect these areas from disturbance. Using these criteria,
the highest scoring significance index and the highest scoring disturbance index were
selected to be used as the foundation for new index development. The Karst Disturbance
Index from Porter et al. (2016) was chosen as the disturbance index foundation and the
zonal Karst Significance Index from Angulo et al. (2013) was chosen as the significance
index foundation.
3.3.3.2 Index Modification (Creating the sKDI and sKSI)
After the selection of the foundational disturbance and significance indices. These
indices were modified to maximize their evaluation scores from the Desired Conditions
Checklist and the Index Effectiveness Matrix. The index modification and development
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resulted in the creation of the spatial Karst Disturbance Index (sKDI) and the spatial
Karst Significance Index (sKSI).
Initially, the foundational indices were modified to ensure that they maximized
their Desired Conditions Checklist score and, therefore, maximized how well they
addressed the expressed needs of karst land managers. To achieve this, indicators were
added, removed or disaggregated. The indicators that were added during this process
were either selected and used from existing indices or designed and justified using
literature on the topic (justifications shown in Tables 3.11 and 3.15). This process
ensured that the new karst evaluation indices maximized how well they addressed the
needs set forth by cave and karst land managers.
After all of the indicators were established, the indices (during the process of
revising them to be the sKDI and sKSI) were scored using the Index Effectiveness Matrix
(Table 3.3). Using this matrix, indicators that were decreasing the Index Effectiveness
score were identified and modified. This step highlighted how many of the indicators had
vague scoring descriptions, which lowered the “Indicator Definitions” score within the
Index Effectiveness Matrix. In order to improve the score, indicators were adjusted to be
more explicit in definition and scoring with less room for subjectivity. An example of this
modification and the associated justifications is shown in Table 3.4 with changes to
scoring definitions in red text.

56

Table 3.4 zKSI to sKSI Indicator Modification and Justification (changes in red) (Created by Author).
Index

Old
indicator

zKSI

Category

Geomorphology

Attribute

Endokarst

Endokarst
New
indicator

Change
Justifications

sKDI

Geology,
Paleontology,
Minerology
Changed to
better align
with
terminology
used in
management
plans and laws

Indicator
Dissolution
features
(caves, shafts,
etc.) and
associated
deposits

Dissolution
features
(caves, shafts,
etc.)

"Associated
deposits"
removed for
clarity as it is
not mentioned
in scoring
definitions

3

2

Well-developed,
preserved, and
outstanding network
which can be visited

Well-developed
and preserved
network but not
possible to visit

Presence of a welldeveloped karst network
(Well-connected conduits
>5 meter in diameter).

Presence of a
developed karst
network (Conduits
1-5 meter in
diameter, may be
partially filled or
discontinuous)

Replaced vague terms
"preserved" and
"outstanding" with
quantitatively defined
terms to improve
indicator definitions score
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Replaced vague
terms “preserved"
and "outstanding"
with quantitatively
defined terms to
improve indicator
definitions score

1

Common
speleological
network
Presence of a
poorly
developed karst
network (Small
conduits <1
meter in
diameter or
poorly
connected
network)
Changed score
to be more
consistent with
previous;
Replaced vague
term "common"
with a
quantitative
description

0

Not
Developed

Not
Developed

The index modification process was iterative. First, the indices were modified,
then the indices were applied to the study area, and then they were re-evaluated. The reevaluation assessed whether or not the indicators worked with the geospatial application
and whether or not the Index Effectiveness Matrix Score and Desired Conditions Score
had been maximized. If it was determined that an indicator could not be applied
geospatially, or there was still room for improvement in relation to the evaluation scores,
the indices were modified again, re-applied, and re-evaluated. This process was repeated
until all indicators could be applied geospatially and the index evaluation scores had been
maximized to finalize the sKSI and sKDI tools.
3.3.3.3 Index Integration (Creating the sKPMI)
Since the goal of this project was to build a tool to meet the expressed needs of
karst land managers, and the management plans indicated a need to identify significant
karst features and protect them from disturbance, the sKDI and sKSI were integrated into
the spatial Karst Priority Management Index (sKPMI). The integration was done by
multiplying the sKDI score with the sKSI score in a given area. Multiplication was
chosen instead of other forms of combination, such as addition or averaging, so that only
areas with both significance and disturbance would be prioritized. In effect, the sKDI and
sKSI scores are both indicators integrated in the sKPMI. The integration of the sKDI and
sKSI into the sKPMI provides karst land managers with a spatial representation of where
significant karst and karst disturbances overlap.
3.3.4 Index Application
The sKDI, sKSI, and sKPMI are all designed to be applied in conjunction with
one another to provide a holistic, spatial, integrated understanding of karst disturbance
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and karst significance in an area, as well as the relationship between the two. Since these
indices are all designed to be scored spatially, they are meant to be scored and applied
within a GIS database.
3.3.4.1 Scoring the sKDI and sKSI
The sKDI and sKSI are scored similarly to the previous cave and karst indices.
Every indicator for the relevant index is scored as Low Data (LD) using a 0, 1, 2, or 3. A
zero score indicates that there is no disturbance/significance for that indicator, while a 3
indicates that there is a high level of disturbance/significance for that indicator. Once all
the indicators for the area/index are scored, they are added together. All indicators that
were scored as LD are also counted and removed from consideration for the total possible
index score. After being added, the indicator scores are divided by the total possible score
in order to produce the final index score. A Low Data score is also generated by dividing
the LD score count by the total number of indicators in the index. These scoring methods,
which are represented in Figure 3.7, produce a final index score and a Low Data score
that will both range between 0.0 and 1.0.
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Figure 3.7 Index Scoring Methods Flowchart (Created by Author).
Unlike some other environmental indices, there is no weighting used within the
sKDI and sKSI. While it is possible some indicators used in the sKDI may represent a
more pronounced level of disturbance than others, quantifying the differences and
magnitudes of these impacts could be very difficult, if not impossible, due to the
complexities of how disturbances impact karst areas (Porter et al. 2016). The sKSI was
not weighted because management plans and the Federal Cave Resources Protection Act
do not define any category of significance as more important than another.
Despite not being weighted, the geospatial application of these indices solves an
issue that was identified by previous karst index studies (Porter et al. 2016). The issue
stemmed from the difficulty of assessing and weighting indicators that affect areas on
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different scales (Porter et al. 2016). The geospatial application of the sKDI, sKSI and
sKPMI resolves this issue as a macro-scale disturbance would affect a larger scored area
than a micro-scale disturbance and the user can define the spatial scale of assessment
when applying these new indices.
3.3.4.2 Scoring the sKPMI
The spatial Karst Priority Management Index (sKPMI) is scored by combining the
overlapping sKDI and sKSI scores in an area. Since the goal is to understand areas where
current management goals are not being met and the management goals are to minimize
disturbance to significant lands, only areas that have both of these factors should score
above a zero. This is achieved by multiplying the final sKDI and sKSI scores, similar to
what was done with the zKDI and zKSI by Angulo et al. (2013). These numbers are
multiplied together since, as opposed to being added or averaged, they only score above
zero when areas are both significant and disturbed. The final sKPMI score will have a
range of 0.0 to 1.0.
The sKPMI score also utilizes the LD scores from both the sKDI and sKSI
applications. These LD scores are not multiplied. They are instead added to the sKPMI
database and interpreted as two separate LD scores. These LD scores are not combined to
prevent direct interrelation of two datasets that are not entirely independent; many
indicators in the sKSI and sKDI are related to similar features, so if that feature is not
inventoried, it will generally show LD in both indices. Thus, the final results from the
sKPMI scoring are the sKPMI score and its two associated sKDI LD and sKSI LD
scores, which are interpreted individually.
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3.3.4.3 Interpreting the Index Scores
The scores from the spatial Karst Disturbance Index and the spatial Karst
Significance index are interpreted according to their scale of 0.0 to 1.0. A 0.0 score
indicates that there is no disturbance/significance. A 1.0 score indicates that there is the
maximum disturbance/significance. Scores between 0.0 and 0.1 indicate the range of
disturbance between the two end members.
The Low Data scores are interpreted according to different thresholds, which were
first used by van Beynen and Townsend (2005) with the original KDI. An LD score of
<0.1 indicates that there is a high confidence in the evaluation. An LD score of greater
than 0.4 suggests that more research or data are required in that area.
The scores for the spatial Karst Priority Management Index directly indicate areas
where there is a combination of both karst disturbance and significance. The sKPMI
scores are interpreted according to their scale of 0.0 to 1.0. Since the scores are a
multiplication of the sKDI and sKSI scores, a high sKPMI score represents an area with a
high level of both disturbance and significance. This high score would indicate that the
current or previous management efforts have been unsuccessful in the goal to protect
significant karst from disturbance. Conversely, a low sKPMI score indicates that there are
low levels of significance, disturbance, or both in an area, which would indicate that the
current or previous management efforts in the area have been successful in their goal to
protect significant karst from disturbance. While the sKPMI scores should be used to
highlight the management priority of an area, they should be assessed in conjunction with
the sKDI and sKSI scores in order to fully understand the cause behind any high or low
sKPMI score.
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Since the sKPMI does not directly calculate a LD score, the LD scores from the
sKDI and sKSI are used to assess the confidence in the scoring. If both the sKDI and
sKSI LD scores are below a 0.1, this would indicate a high confidence in the sKPMI
score for that area. If either sKDI or sKSI LD score is above a 0.4, this would indicate
that more research or inventory data are required in that area.
3.3.4.3 GIS Methods
ArcGIS Pro 2.8 was used to generate databases for the sKDI, sKSI and sKPMI.
The methods are outlined in Figure 3.8. The first step to apply the indices spatially is to
create the two GIS attribute tables, which are used to score the indicators for the sKDI
and sKSI. In order to apply these indices spatially, the user applying the index must
define the scale at which they will apply the index. The scale is represented in the data by
the size of the squares, which will each be scored individually. The scale should be
chosen to balance the resolution of the final product with the ease of application of the
indices. Higher-resolution, smaller squares, will provide a better spatial representation of
the data; however, it will also be more labor intensive to apply. For this study, the indices
were applied to square polygons that measured 0.5 by 0.5 kilometers. This was chosen to
maximize the resolution of the final data without becoming too labor-intensive to apply
as a validation.
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Figure 3.8 GIS Methods Outline (Created by Author)
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The 0.5- by 0.5-kilometer, square polygons were generated using the Fishnet Tool
in ArcGIS Pro 2.8. After the polygons were generated, fields were created for the
attribute tables for each indicator in the relevant index. A field was also added for the
final scores and LD Scores for each index. After the indicator fields were created, each
indicator for the polygons in both the sKDI and sKSI databases were evaluated and
scored. Finally, using the ArcGIS Pro field calculator, the final scores would be
calculated as described in the previous section.
After all polygons within the study area were scored for both the sKDI and sKSI,
the two databases were combined using the Spatial Join tool within the Geoprocessing
Toolbox in ArcGIS Pro 2.8. The parameters used in the Spatial Join are shown in Figure
3.9. After performing the spatial join, the created database should contain the sKSI,
sKDI, and associated LD Scores. A new field should be created in this new database and
titled sKPMI score. Then the field calculator should be used to multiply the sKDI scores
by the sKSI scores and populate the sKPMI score field. The final products from the GIS
application of the sKDI, sKSI, and sKPMI will be three databases. Two of these
databases are the intermediate databases that contain all of the indicator scores, the LD
Score, and the final score for the sKDI and sKSI. The final, sKPMI database will include
the sKPMI Score, the sKDI + LD scores, and the sKSI + LD scores.
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Figure 3.9 Spatial Join Parameters used to Combine the sKDI and sKSI Databases
(Created by Author).
3.3.4.4 Applying the sKDI, sKSI, and sKPMI to the Beaver Falls Karst
Following the creation of the sKDI, sKSI, and sKPMI, the indices were applied to
the Beaver Falls Karst area in order to understand if they could be used as an integrated,
spatial, karst land management tool that is effective at guiding management efforts to the
study area. To apply the indices, the methods described in the previous sections were
used in the case study area.
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To score the sKDI and sKSI, data were drawn from existing data sources, listed in
Tables 3.5 and 3.6. Some data were not initially available and were collected during field
surveys performed during the summer of 2021. These surveys were conducted by
walking the landscape to identify karst features, inventorying the karst features for
anything that would qualify as significant under the FCRPA, inventorying all evident
disturbances, and then recording these data in the description of a GPS-located pin placed
in the Avenza Maps application on a U.S.F.S. iPad. These data were then exported to
ArcGIS Pro 2.8 and referenced to score sKDI and sKSI indicators.
Table 3.5 sKDI Data Sources (Created by Author).
Indicator
Quarrying/Mines
Infilling
Trash/Waste in Karst Landforms
Desertification/erosion
Compaction due to livestock or
humans
Decoration removal—Vandalism
Mineral—sediment removal
Floor sediment compaction
Cave microclimate
Flooding
Stormwater drainage
Flooding (human-induced flooding
due to surface alteration)
Pesticides and herbicides
Industrial/petroleum spills or
dumping
Leakage from underground tanks
Unnatural impairment of springs
Water Table decline
Changes in cave drip waters
Vegetation removal
Reforestation
Species richness (%decline)
Population density (%decline)
Species Richness (%decline)
Population density (%decline)

Data Source
Field Surveys, Remote Sensing
Field Surveys, Cave Reports
Field Surveys, Cave Reports
Field Surveys, Remote Sensing
Field Surveys
Cave Inventory, Cave Reports, Cave Maps
Cave Inventory, Cave Reports, Cave Maps
Cave Inventory, Cave Reports, Cave Maps
Communication with USFS Staff
Communication with USFS Staff
Remote Sensing
Communication with USFS Staff
Tongass National Forest Master Plan
Communication with USFS Staff
Communication with USFS Staff
Field Surveys
Communication with USFS Staff
Communication with USFS Staff, Field Surveys, Cave Maps
Internal USFS Files, Field Surveys, Remote Sensing
Internal USFS Files, Field Surveys, Remote Sensing
Cave Inventory, Cave Reports
Cave Inventory, Cave Reports
Cave Inventory, Cave Reports
Cave Inventory, Cave Reports
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Destruction/removal of historical or
cultural artifacts (% taken)
Cave Access
Regulatory Protection
Public Education
Cave Conservation Plans
Building of roads
Building over karst features
Construction in Caves

Communication with USFS Staff, Field Surveys, Cave Maps
Communication with USFS Staff, Cave Reports
Tongass National Forest Master Plan
Communication with USFS Staff
Tongass National Forest Master Plan
Internal USFS Files, Remote Sensing
Remote Sensing
Field Surveys

Table 3.6 sKSI Data Sources (Created by Author).
Indicator

Data Source

Dissolution features
Surface expression of karst geology
Soil thickness/Epikarst exposure

Field Surveys, Remote Sensing
Field Surveys, Remote Sensing
Field Surveys, Remote Sensing

Mineral and fossil formations. Sediment sequences.
Infiltration rate and amount

Cave Inventory, Significant Cave
Nomination Sheets.
Field Surveys, Remote Sensing

Drainage network and spring discharge

Field Surveys

Species abundance and diversity

Cave Inventory, Significant Cave
Nomination Sheets.
Cave Inventory, Significant Cave
Nomination Sheets (Internal USFS
documents)

Historical/architectural sites. ArchaeologicalEthnographic heritage (surface and subsurface karst)

Sports, and recreational provisions
Cave Access

Internal USFS Documents
Communication with USFS Staff, Cave
Reports
Field Surveys, Communication with
USFS Staff
Cave Inventory, Cave Maps, Significant
Cave Nomination Sheets.
Communication with USFS Staff,
Published articles

Educational experiences
Scientific Access
Cave and karst monitoring

The databases containing the sKDI, sKSI, and sKPMI were then applied spatially through
mapping to display the final scores for each index by polygon. The final scores were
overlain with different hachures to indicate LD scores within the different thresholds. For
the sKPMI, both sKDI and sKSI LD scores were overlain on the sKPMI scores to provide
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a visual representation of the data and its validity. Finally, maps displaying the Low Data
scores in different categories were generated to understand if these indices could be used
to identify specific types of data gaps and direct inventory efforts.
3.4 Results and Discussion
3.4.1 Karst Management Plan Review
The review of karst management plans at the national and international level
revealed little consistency in the strategies described within the collective management
plans. Management plans at the international level often described their desired
conditions for the karst they manage, but there was little consistency in the actions
described within them.
An example of this inconsistency is shown in Figures 3.10 and 3.11. These figures
are excerpts from the Wind Cave Management Plan in the USA (Department of the
Interior 2007) and from the Jenolan Karst Reserve Management Plan (New South Wales
National Parks and Wildlife Service 2019). Both plans identified the need to protect
geological resources from disturbance, which is commonly seen in karst management
plans. These plans also establish monitoring standards and the acceptable desired
conditions of karst features; however, the actions that they utilize to achieve this are
different. The Wind Cave plan prescribes mitigating the impacts and describes what that
mitigation looks like elsewhere in the plan, but the Jenolan Karst Reserve plan prescribes
no further guidance or actions outside of monitoring. This comparison was typical of the
karst management plan reviews, where management plans would typically identify a
significant feature and describe the need to protect it, but the actual protection actions
were vague or completely undescribed.
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Figure 3.10 Excerpt from the Wind Cave Management Plan (USA)
(Source: Department of the Interior 2007)

Figure 3.11 Excerpt from the Jenolan Karst Conservation Reserve Plan (Australia)
(Source: New South Wales National Parks and Wildlife Service 2019).
The lack of consistency and difference in focus areas makes a thorough
comparison of cave and karst plans at the international level difficult, which is partly why
U.S.F.S. plans were more closely reviewed as described in Section 3.3.1.1. An excerpt
from the raw data produced from the U.S.F.S. management plan review checklist is
shown in Table 3.7.
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Table 3.7 Raw Data Excerpt from U.S.F.S. Management Plan Checklist (heading titles modified for formatting) (Created by Author).

Forest

Region

State

Year

Uses
"cave"

Uses
"karst"

FCRPA

D.
Cons

Cave
Prot.

Cave
Cat.

Cave
Closure
Guidelines

Watershed
Protections

Overall
Karst
Prots.

Karst
Prot.
Zones

Karst
Feature
Prots.

Bat
Prots

Promote
Inventory

Score

Alabama

8

AL

2004

1

1

1

0

1

1

1

1

0

0

0

1

0

62%

Allegheny

9

PA

2007

0

0

0

0

0

0

0

0

0

0

0

0

0

0%

Angeles

5

CA

2005

1

0

0

0

0

0

0

0

0

0

0

0

1

15%

Apache

3

AZ

2017

1

1

1

0

1

0

0

0

1

0

1

1

0

54%

Arapaho

2

CO

1997

1

0

0

0

0

0

0

0

0

0

0

1

0

15%

Ashley

4

UT

2019

1

1

1

1

1

0

0

0

1

0

0

1

1

62%

Bighorns

2

WY

2013

1

1

1

0

1

0

1

0

1

0

0

1

0

54%

Bitterroot

1

MT

1987

0

0

0

0

0

0

0

0

0

0

0

0

0

0%

Black Hills

2

SD

2006

1

1

1

0

1

0

1

0

0

0

0

1

1

54%

Boise

4

ID

2010

1

0

0

0

0

0

0

0

0

0

0

0

0

8%

Caribou

4

ID

1987

1

1

1

1

1

0

0

1

0

0

0

1

0

54%

Challis

4

ID

1987

1

0

0

0

0

0

0

0

0

0

0

0

0

8%

Cherokee

8

TN

2004

1

1

1

0

1

0

1

0

0

0

0

1

0

46%

Chippewa

9

MN

2004

0

0

0

0

0

0

0

0

0

0

0

0

0

0%

Chugach

10

AK

2020

1

0

0

0

0

0

0

0

0

0

0

0

0

8%

Cibola

3

NM

2019

1

1

1

1

1

0

1

0

0

0

0

1

0

54%

Cleveland

5

CA

2005

1

0

0

0

0

0

0

0

0

0

0

0

0

8%

Cocino

3

AZ

2018

1

1

1

1

1

0

0

1

1

0

0

1

0

62%

Colville

6

WA

2019

1

0

0

0

1

0

0

0

0

0

0

1

0

23%

Coronado

3

AZ

2018

1

1

1

1

1

0

0

0

1

0

1

1

0

62%

Croatan

8

NC

2002

0

0

0

0

0

0

0

0

0

0

0

0

0

0%

Custer

1

MT

1986

1

1

0

0

0

0

0

0

0

0

0

0

0

15%

Boone

8

KY

2004

1

1

1

1

1

0

0

1

1

0

0

1

1

69%

Dixie

4

UT

1986

0

0

0

0

0

0

0

0

0

0

0

0

0

0%
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The scores from the U.S.F.S. management checklist, partially shown in Table 3.7, were
first analyzed by grouping them into scoring ranges. As shown in Figure 3.12, 23 out of
114 plans did not mention cave or karst management at all and were not analyzed further.

Figure 3.12 U.S.F.S. Management Plan Score Ranges (Created by Author).
Analyzing the U.S.F.S. Plans revealed that most plans describe almost no
protections for caves or karst. Some plans establish cave-focused protections for their
lands, but the plans which prescribe karst feature or watershed protections are rare. Of
114, 43 plans scored low on the management checklist, between the ranges of 1% and
20%, 37 plans scored between 20% and 60%, and only 11 plans scored high, between
60% and 100%. Out of the low scoring plans, nearly all plans mentioned caves, but only
one plan, the plan for the Custer National Forest mentioned the word karst, and only the
Beaverhead-Deerlodge plan mentioned the Federal Cave Resources Protection Act. In the
mid-scoring range, all but five of the 37 plans established protections for caves; however,
only four of these plans described any protection for karst. Only in the highest scoring
plans >60% are karst protections common, with only one plan, the Tonto National Forest
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Plan, describing no protections for karst. Despite the higher scoring plans generally
describing some sort of cave and karst protections, only four of the 11 plans describe
specific karst watershed management efforts. This analysis revealed that, while cave and
karst management efforts are generally inconsistent between U.S.F.S plans, grouping
them by the amount of different management actions they are taking reveals three groups
of plans: those that have generally no cave or karst management, those that establish cave
protections, and those that establish both cave and karst protections.
U.S.F.S. plans were also grouped and analyzed by region to determine if there are
regional trends in plan actions. The final score for the management plans in each region
were averaged to produce a regional score. These results were shown in Table 3.8. This
analysis showed almost no trends in cave or karst management and regions generally
scored very low. The only regions scoring over 50% were Alaska and the Southwest.
Alaska scored highly because there were two plans scored and one was the Tongass
National Forest which had the highest score out of any U.S.F.S. plan. Due to the few
plans reviewed in Alaska, this score was not seen as representing a general trend in the
area. However, the Southwest Region had 10 plans reviewed and still had a relatively
high average score of 52%. In the Southwest, 9 out of the 10 plans scored above 45%.
These plans all established cave protections and most established protections for batcaves and prescribed cave inventories; however, only four of 10 plans described karst
protections. Since only one region out of nine showed any trends in management
strategies (other than a lack-thereof) through this analysis, no conclusions can be reached
on regional trends in U.S.F.S. karst management.
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Table 3.8 U.S.F.S. Regional Trends in Karst Management (Created by Author).
Region
Alaska
Eastern
Intermountain
Northern
Pacific Northwest
Pacific Southwest
Rocky Mountain
Southern
Southwest
All Regions

Number of Plans Reviewed Score
2
54%
14
19%
15
22%
10
21%
18
12%
17
17%
11
26%
17
30%
10
52%
114
24%

The results from the U.S.F.S. review, using the review checklist (Table 3.1),
demonstrated that comprehensive cave and karst management is not well represented
across the U.S.F.S. plans. Grouping plans together by review score showed that 66 out of
the 114 plans reviewed have almost no protections for caves or karst. While many of the
forest units may not have any known cave or karst features, this is not seen as a reason to
not have karst protections in place, because new caves and karst are still being identified.
Of the scored plans, 37 established cave protections, but only 11 of them prescribed karst
protections. Even when plans within the same region were compared, there was little
consistency in the cave and karst actions described by the U.S.F.S. management plans.
In conclusion, attempting to look at cave and karst management plans on
protected lands at the international, national, and regional scale revealed little consistency
in cave and karst management strategies. Even when broken down to only look at plans
within the same branch of the U.S. government, in the same agency, in the same region,
management actions still varied widely. The only consistent theme seen in cave and karst
management was the need to identify significant features and protect them from
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disturbance. This theme justified the use of a karst disturbance index, a karst significance
index and an integrated index in order to understand the spatial distribution of the karst
significance, disturbances, and the relationship between them on managed karst lands.
3.4.2 Index Review Results
The Desired Conditions Checklist (Table 3.2) and Index Effectiveness Index
(Table 3.3) guided the scoring of existing indices to understand how effective they are as
environmental indices and how well they address the expressed needs of karst land
managers. This resulted in an index effectiveness score, desired conditions checklist
score, and an average score shown for each reviewed index (see Table 3.9). The scores
provided a quantitative interpretation of existing cave and karst indices and were used to
help guide index development.

75

Table 3.9 Index Review Scoring Results (sorted by average score) (Created by Author).
Scale

Desired Conditions
Checklist Score

Average
Score

Index

Author

Karst Tourism Management Index
Karst Disturbance Index OM
Karst Disturbance Index

Semler
Porter et al.
van Beynen and
Townsend
Angulo et al.
Angulo et al.
Angulo et al.
Harley et al.
Donato et al.

2019
2016
2005

Meso
Macro
Macro

46%
54%
50%

83%
70%
70%

64%
62%
60%

2013
2013
2013
2011
2014

Macro
Macro
Macro
Micro
Micro

67%
63%
67%
54%
46%

39%
39%
35%
35%
39%

53%
51%
51%
44%
42%

Karst Sustainability Index
RAP-cei Rapid Assessment protocol of
environmental impact related to caves
Show Cave Management Evaluation Index

van Beynen et al.
Donato et al.

2012
2014

Macro
Micro

58%
42%

22%
30%

40%
36%

Cigna and Pani

2013

Micro

42%

30%

36%

Cave Conservation Priority Index
Cave Disturbance Index

Souza Silva et al.
Trofimova

2015
2014

Micro
Micro

38%
29%

30%
35%

34%
32%

Cave Sensitivity Index

Harley et al.

2011

Micro

42%

22%

32%

Priority Management Index
zonal Karst Significance Index
zonal Karst Disturbance Index
Cave Disturbance Index
RAP-cr Rapid Assessment protocol of cave
vulnerability for prioritization of
conservation and/or restoration actions

Year

Index
Effectiveness
Score
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The index effectiveness scores ranged from 29% to 67%, while the desired
conditions scores ranged from 22% to 83%. The range in effectiveness scores is lower
because most indices were generally similar in their design, modeled off of the original
Karst Disturbance Index by van Beynen and Townsend (2005). The desired conditions
checklist scores ranged much wider due to the thoroughness of the Karst Tourism
Management Index’s (KTMI) (Semler 2019) approach and the narrower focus of the
micro-scale indices, such as the Cave Sensitivity Index (Harley et al. 2011) and the Cave
Conservation Priority Index (Souza Silva et al. 2015).
3.4.2.1 Insights from the Karst Tourism Management Index
Interestingly, the Karst Tourism Management Index (KTMI) had the highest
average score out of any index evaluated. This is largely due to the desired conditions
score of 83%, which was 13% higher than the next highest-scoring index, the KDI. The
high desired conditions score indicates that the KTMI is addressing many of the needs
described by land managers. The KTMI appears to achieve this goal by integrating a
tourism and a management score by averaging them to provide an understanding of karst
tourism management as a whole (Semler 2019). While the KTMI was not assessed
further or used for further index development because it falls outside of the goals of this
study to assess significance and disturbance on all karst lands (not just tourism sites), it
does lend support to the framework of combining two separate factors to create a karst
index which better addresses management goals.
3.4.2.2 Foundational Cave and Karst Index Selection
The primary purpose of the index review was to identify the best indices that
could be used as a baseline for further index development. The plans that scored highest
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from the index evaluation that addressed significance and disturbance were selected as
foundational indices. Results of the management plan review indicate they all generally
have a goal to identify significant features and then protect them from disturbance, so one
disturbance index and one significance index were specifically chosen to be used as the
foundational indices.
After a complete review of existing indices, the KDI was the highest overall
scoring index that assessed disturbance with an Index Effectiveness score of 54% and a
Desired Conditions Checklist Score of 70%. The zonal Karst Significance Index (zKSI)
was the highest overall scoring index that assessed significance. The zKSI scored an
Index Effectiveness score of 63% and a Desired Checklist Score of 39%. While these
indices were the highest scoring within their respective categories, neither scored a 100%
on either the Desired Conditions Checklist or the Index Effectiveness Matrix, suggesting
that improvements could be made to these indices. As such, the Karst Disturbance Index
(KDI) as modified by Porter et al. (2016) and the zonal Karst Significance Index
modified from Angulo et al. (2013) were selected to be used as the foundational indices
used as a framework to build the new sKDI and sKSI before being integrated into the
final sKPMI.
3.4.3 spatial Karst Disturbance Index (sKDI)
The categories used for the spatial Karst Disturbance Index (sKDI) were
Geologic, Mineralogic, Paleontologic; Hydrology; Biology; Cultural; Recreation and
Stewardship; and Infrastructure. These categories were changed from the KDI’s
categories of Geomorphology, Atmosphere, Hydrology, Biota, and Cultural in order to
better fit the categories described in the management plans, listed in the Desired
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Condition Checklist, and the terminology used in the Federal Cave Resources Protection
Act (U.S. Congress 1988; U.S. Government 1994). The indicators within these categories
are shown in Table 3.10.
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Table 3.10 spatial Karst Disturbance Index (sKDI) (Created by Author).
Category
Geologic,
Mineralogic,
Paleontologic
Geologic,
Mineralogic,
Paleontologic

Attribute
Surface
Landforms

Indicator
Quarrying or
Mines

3
Large open-cast mines

2
Small working mines

1

0

Small scale pavement
removal

None

Surface
Landforms

Infilling

Feature filled and
capped with nonporous media

Feature partially filled
without impedance of
flow

None

Geologic,
Mineralogic,
Paleontologic
Geologic,
Mineralogic,
Paleontologic

Surface
Landforms

Trash/Waste
in Karst
Landforms
Desertification
or erosion

Occasional trash/waste
in some landforms

None

High levels of erosion
with some patches
without soil, or heavy
sedimentation of sinks

Soils

Moderate erosion
occurring which may
sediment sinks or
expose bedrock on
steep slopes
Low soil compaction
due to infrequent land
use

Natural Rate of erosion

Geologic,
Mineralogic,
Paleontologic

Large amounts of
trash/waste in nearly all
landforms
Severe desertification
with large patches of
unnaturally exposed
bedrock or mass
wasting
High rates due to
intensive land use

Feature filled with
sediment or debris
impeding flow of water
or access
Trash/waste in more
than 50% of landforms

Geologic,
Mineralogic,
Paleontologic

Subsurface

Geologic,
Mineralogic,
Paleontologic

Subsurface

Soils

Compaction
due to
livestock or
humans
Decoration
removal—
Vandalism
Mineral—
sediment
removal

Severe damage or
removal of
speleothems (>75% of
speleothems in area
affected)
Severe Sediment
removal/industrial
mining (>75% of total
sediment removed)

Moderate rates due to
regular land use
Moderate damage or
removal of speleothems
(75% - 25% of
speleothems in area
affected)
Moderate
Sediment/mineral
removal (75%-25% of
total sediment
removed)
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Minor removal or
damage of speleothems
(<25% of speleothems
in area affected)
Minor
Sediment/mineral
removal (<25% of total
sediment removed)

None

Speleothems pristine
No sediment removed

Geologic,
Mineralogic,
Paleontologic

Subsurface

Floor sediment
compaction

>75% of floor
sediments affected.
Large trails throughout
cave, much travel offtrail and in most side
passages.
Permanent cave
microclimate changes
due to physical
modifications or added
ventilation systems.

Well-traveled main trail
through cave and in
some side-passages
(25-75% of floor
sediments affected)

Small trail through
cave. Primarily limited
to main passage. (<25%
of floor sediments
affected)

Pristine

Geologic,
Mineralogic,
Paleontologic

Subsurface

Cave
microclimate

Regularly visited cave
(Tour Cave) without
effective plan regarding
microclimate and
visitation. Visible
impacts to speleothems
or walls.
20-49%

Regularly visited cave
(Tour Cave) without
effective plan regarding
microclimate and
visitation. No visible
impacts to speleothems
or walls.
1-19%

No changes to cave
microclimate or cave
visited irregularly or
regularly visited cave
with effective cave
microclimate plan.

Geologic,
Mineralogic,
Paleontologic

Paleontology

Fossils or
Bones (%
taken)

50%+

Hydrology

Surface
Hydrology

Flooding

Permanent inundation
due to human
modification/impact

Seasonal inundation or
regular flooding due to
human
modification/impact
during most events
Modification of
flowpaths (25-75% of
flow altered)

Flooding due to human
modification/impact
during large
precipitation events

Natural flooding

Hydrology

Surface
Hydrology

Drainage
modifications

Major modification of
flowpaths (>75% of
flow altered)

Minor modification of
flowpaths (<25% of
flow altered)

Permanent inundation
due to human
modification/impact

Seasonal inundation or
regular flooding due to
human
modification/impact
during most events

Flooding due to human
modification/impact
during large
precipitation events

Natural drainage, or
drainage which mimics
the pre-development
water balance
Natural flooding

Hydrology

Subsurface

Hydrology

Water
Quality

Flooding
(humaninduced
flooding due
to surface
alteration)
Pesticides and
herbicides

Leakage of
concentrated chemicals
into aquifer

Heavy spraying of
crops/weeds

Little use of chemicals
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No decline

No chemical use

Hydrology

Water
Quality

Industrial/petr
oleum spills or
dumping
Leakage from
underground
tanks

Current impacts from
spills in more than 75%
of watershed
Current leakage of
underground tanks in
watershed

Recent impacts from
spills in 50% or more of
watershed
Underground tanks
currently being used in
watershed

History of spills with no
current evidence of
impact
Historic usage of
underground tanks in
watershed

Hydrology

Water
Quality

Hydrology

Water
Quality

Unnatural
impairment of
springs

Spring parameters
regularly exceed local
legal limits

Hydrology

Water
Quantity

Water Table
decline

Water table lowered
more than 35 meters

Spring impaired, but
not exceeding local
legal limits for
pollutants
Water table lowered
less than 5 meters

Hydrology

Water
Quantity

Total cessation due to
anthropogenic changes

Vegetation
disturbance
Vegetation
disturbance

Species
richness
(%decline)
Population
density
(%decline)
Species
Richness
(%decline)
Population
density
(%decline)

50%+ or extirpation of
species of concern

Anthropogenic, slight or
intermittent reduction
in cave drip waters
Less than 25% of
vegetation removed
Mature, even-aged
forest and understoryre-initiation
1-19%

None

Biology

Changes in
cave drip
waters
Vegetation
removal
Reforestation

Impaired spring which
may exceed local legal
limits during specific
events or seasons
Water table lowered
between 5 and 35
meters
Anthropogenic,
seasonal cessation of
drip waters
25-75% of vegetation
removed
Dense, closed-forest
and understory
exclusion
20-49%

50%+ or population loss
of species of concern

20-49%

1-19%

No decline

50%+ or extirpation of
species of concern

20-49%

1-19%

No decline

50%+ or population loss
of species of concern

20-49%

1-19%

No decline

Biology
Biology

Subsurface
Biota—Cave

Biology

Subsurface
Biota—Cave

Biology

Subsurface
Biota—
groundwater
Subsurface
Biota—
groundwater

Biology

Greater than 75% of
vegetation removed
Seedling-sapling and
understory colonization
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No spills recorded in
watershed
No underground tanks
present or all tanks
confirmed as properly
removed
Spring not impaired

No water table decline

None
Old Growth or
equivalent
No decline

Cultural

Human
artifacts

Destruction or
removal of
historical or
cultural
artifacts (%
taken)
Cave Access

50%+

20-49%

1-19%

No decline

Recreation
and
Stewardship

Recreational
Caving

Cave is part of regular
tours or heavy
recreational use (1+ trip
a day during peak
season)
No karst management
or laws protect the area

Cave is regularly visited
by recreational cavers
(10+ trips per year)

Cave is visited
infrequently by
recreational cavers (210 trips per year)

Cave is seldom or never
visited recreational
cavers (Average less
than once a year)

Recreation
and
Stewardship

Stewardship
of karst
region

Regulatory
Protection

Some, weak regulations
may protect some
aspects of karst. No
karst management
plan.
None, public
indifference

A karst management
plan is in place, but it is
not up-to-date or wellenforced

No plan related to cave
protections and the
cave is being impacted

No plan related to cave
protections, but no
negative impacts on
caves

Building of
roads

Major highways

Two-lane roads

Cave protected by a
zonal or regional cave
protection plan. Or cave
plan is not sciencebased
Country lanes

A science-based karst
management plan is in
place, up-to-date and
enforced with
regulations
Regular,
Institutionalized karst
education opportunities
available
Cave protected by a
science-based cave or
area specific
management plan

Recreation
and
Stewardship

Stewardship
of karst
region

Public
Education

None, public hostility

Recreation
and
Stewardship

Stewardship
of caves

Cave
Conservation
Plans

Recreation
and
Stewardship
Recreation
and
Stewardship

Building
infrastructure
Building
infrastructure

Building over
karst features

Developed, high or
medium intensity land
use (50%+ impervious
surfaces. Densely
spaced single-family
housing units, areas
where people work in

Developed, low
intensity (20-49%
impervious surfaces.
Single-family housing
units)

83

Ad hoc or infrequent
education opportunities
available

Developed, open space
(<20% Impervious
Surfaces. Large-lot,
single-family housing
units, parks, golf
courses.)

No roads
No development

high numbers,
apartment complexes,
etc.)
Recreation
and
Stewardship

Building
infrastructure

Construction
in Caves

Significant construction
(along entire length of
visited route) with
introduction of
materials which
degrade, corrode, or
are toxic to cave biota.
Or non-tour-related
constructions such as
dwellings.

Significant construction
(along entire length of
visited route),
conservation minded
construction without
introduction materials
which degrade,
corrode, or are toxic to
cave biota. Or minor
construction with
introduction of
materials which
degrade, corrode, or
are toxic to cave biota.
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Minor construction in
cave limited to
discontinuous areas
along route without
introduction of
materials which
degrade, corrode, or
are toxic to cave biota.

No development

The spatial Karst Disturbance Index indicators were modified, added, or disaggregated to
maximize the Desired Conditions Checklist scores and the Index Effectiveness scores.
These modifications, additions, and their justifications are summarized in Table 3.11.
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Table 3.11 sKDI Indicator Justifications (Created by Author).
Change from
Foundational Index
(KDI) Porter et al.
(2016)
None

Justification

Category

Attribute

Indicator

Geologic,
Mineralogic,
Paleontologic
Geologic,
Mineralogic,
Paleontologic

Surface
Landforms

Quarrying or Mines

Surface
Landforms

Infilling

Scoring definitions
modified for
geospatial
application

The KDI indicator represents the scale (percentage) of infilled
features, but the scale is already represented in a geospatial
application. This indicator was modified to represent the intensity
of infilling, and not the scale.

Geologic,
Mineralogic,
Paleontologic

Surface
Landforms

Trash/Waste in Karst
Landforms

Scoring definitions
and indicator title
modified from
"Dumping" indicator
for clarity

The KDI “Dumping" indicator was used, but minor changes were
made to provide consistent thresholds and clarify what qualifies
as "dumping."

Geologic,
Mineralogic,
Paleontologic
Geologic,
Mineralogic,
Paleontologic

Soils

Desertification or
erosion

Scoring definitions
modified for clarity

Soils

Compaction due to
livestock or humans

Scoring definitions
modified for
geospatial
application

The KDI erosion scoring definitions used vague terms such as
"Severe," "High," and "Moderate.” These terms were used but
clarified in the sKDI indicator.
The KDI compaction indicator is scored using scale, which
conflicts with a geospatial application. The soil compaction
indicator from the zKDI (Angulo et al. 2013) scored compaction by
intensity which better fit a geospatial application. The zKDI
indicator was used after minor changes in scoring definitions for
clarity.

Geologic,
Mineralogic,
Paleontologic

Subsurface

Decoration
removal—
Vandalism

Geologic,
Mineralogic,
Paleontologic

Subsurface

Mineral— sediment
removal

Scoring definitions
modified for
geospatial
application
Scoring definitions
modified for
geospatial
application
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KDI indicator used

The KDI vandalism indicator is scored using scale, which conflicts
with a geospatial application. The indicator was modified to
represent the intensity of the disturbance instead of the scale of
the disturbance.
The KDI sediment removal indicator is scored using scale, which
conflicts with a geospatial application. The indicator was modified
to represent the intensity of the disturbance instead of the scale
of the disturbance.

Geologic,
Mineralogic,
Paleontologic

Subsurface

Floor sediment
compaction

Scoring definitions
modified for
geospatial
application and
clarity

The KDI subsurface compaction indicator is scored using scale,
which conflicts with a geospatial application. The indicator was
modified to represent the intensity of the disturbance instead of
the scale of the disturbance. Specific thresholds were also set,
consistent with other thresholds, for clarity.

Geologic,
Mineralogic,
Paleontologic

Subsurface

Cave microclimate

New Indicator
created. Aggregated
from 2 KDI
Indicators

The KDI previously used two indicators, desiccation and
anthropogenic condensation corrosion. These indicators were not
geospatially compatible (scale was used for scoring definition)
and used vague such as "high levels" and "low levels." The new,
aggregated, "cave microclimate" indicator was based on the
management and cave modification impacts on cave atmosphere
as described by Russel and MacLean (2008), and de Freitas
(2010).

Geologic,
Mineralogic,
Paleontologic

Paleontology

Fossils or Bones (%
taken)

New Indicator
created

Hydrology

Surface
Hydrology

Flooding

Indicator modified
for geospatial
application

This indicator was created due to assess paleontological resource
disturbance, which was identified as important during the
management plan review and specifically described by the cave
management guidelines associated with the Federal Cave
Resources Protection Act (U.S. Congress 1988; U.S. Government
1994).
The surface flooding indicator was modified from the KDI surface
flooding indicator to address the flooding intensity associated
with an area, not the scale of flooding. This modification allowed
the indicator to work with a geospatial application.

Hydrology

Surface
Hydrology

Drainage
modifications

Indicator title and
scoring definitions
modified

Indicator title and descriptions modified from the KDI to assess
changes in karst drainage: the concentration, dispersal, addition,
or removal of flow. This change was made to reflect any shifts
away from the natural karst drainage pattern (Bonneau et al.
2017).

Hydrology

Subsurface

Flooding (humaninduced flooding
due to surface
alteration)

New indicator
created

The subsurface flooding indicator was adapted from the KDI
surface flooding indicator to address subsurface flood intensity.
Alongside the Water Table Decline indicator, this indicator was
created to fulfill part of the identified desired condition to not
alter subsurface, groundwater ecosystems or overall hydrology.
The modification also allowed the indicator to work with a
geospatial application.
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Hydrology

Water Quality

Pesticides and
herbicides
Industrial/petroleum
spills or dumping

None

The KDI indicator and scoring definitions were used

Hydrology

Water Quality

Indicator modified
for geospatial
application

The KDI indicator assessed the number of brown fields in an area,
which is incompatible with a geospatial application that can be
applied on multiple scales. The scoring definitions for this
indicator were modified to assess the presence of disturbance
from these spills which can exist long after a brownfield is
remediated (Field 1992).

Hydrology

Water Quality

Leakage from
underground tanks

None

Hydrology

Water Quality

Unnatural
impairment of
springs

Indicator title and
scoring definitions
modified for clarity

The title and scoring definitions used the word "harmful" without
any explanation of what this term means. This indicator was
modified to replace the vague term "harmful" with explicit
references to local water quality laws.

Hydrology

Water
Quantity

Water table decline

Indicator scoring
definitions modified
for clarity

Hydrology

Water
Quantity

Changes in cave drip
waters

Biology

Vegetation
disturbance
Vegetation
disturbance

Vegetation removal

Minor indicator
scoring definition
changes
None

The KDI water table decline definitions as >35, 15, <5. These were
changed to ranges, since the KDI definitions seem to leave out
water table declines directly above or below the 15-meter decline
level.
The KDI indicator was changed to indicate that the cave drip
water changes are anthropogenic

Reforestation

New indicator
created

Subsurface
Biota—Cave

Species richness
(%decline)

None

Biology

Biology
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Deforestation activities have an immediate, lasting effect on karst
landscapes; however, reforestation helps to mitigate some of
these effects by reducing the overall vegetation disturbance. To
address this relationship between deforestation and
reforestation, the reforestation indicator was added. The scoring
indicators are derived from different levels of vegetation
regeneration which each have measurable effects on the
hydrology of the landscape (Alaback 1984; Kovarik 2007)

Biology

Subsurface
Biota—Cave

Population density
(%decline)

None

Biology

Subsurface
Biota—
groundwater
Subsurface
Biota—
groundwater
Human
artifacts

Species Richness
(%decline)

None

Population density
(%decline)

None

Destruction or
removal of historical
or cultural artifacts
(% taken)

None

Recreation
and
Stewardship

Recreational
Caving

Cave Access

New indicator
created

This indicator was created to assess disturbances related to
recreational cave access which was identified in the management
plan review. The indicator and its scoring definitions were
developed in conjunction with the sKSI indicator because
recreational cave use makes a cave significant according to the
guidelines set alongside the FCRPA, but is also a source for many
disturbances (U.S. Congress 1988; U.S. Government 1994)

Recreation
and
Stewardship

Stewardship
of karst region

Regulatory
Protection

Indicator scoring
definitions modified
for clarity

Recreation
and
Stewardship

Stewardship
of karst region

Public Education

Minor indicator
scoring definition
changes

The KDI regulatory protection indicator used unclear terms like
"weak" or "loopholes". The scoring definitions were changed to
directly reference the existence of karst regulations in the form of
laws and karst management plans.
In the KDI, a score of 1 in this indicator is defined as "Attempts
through NGOs" and the 0 score is undefined (usually a 0 score
means "no disturbance"). Since the specific entity which delivers
karst education is irrelevant, the 0 and 1 scoring definitions were
described by the frequency/regularity of education instead.

Recreation
and
Stewardship

Stewardship
of caves

Cave Conservation
Plans

New indicator
created

Biology

Cultural
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This indicator was created to meet the expressed management
need for science backed management. The indicator definitions
were described to directly related to whether or not the caves in
an area are protected with science-based management plans.

Recreation
and
Stewardship
Recreation
and
Stewardship

Building
infrastructure

Building of roads

None

Building
infrastructure

Building over karst
features

Indicator scoring
definitions changed
for clarity and
geospatial
application

The original KDI scoring definitions are unclear (North 2007), but
the justifications by North (2007) and Porter (2010) discuss the
indicator as a representation of the level of development. As
such, the indicator definitions here were made clearer and more
explicitly geospatial by directly relating to the levels of
development described by well-established land use codes
(Multi-Resolution Land Characteristics Consortium 2019).

Recreation
and
Stewardship

Building
infrastructure

Construction in
Caves

Indicator scoring
definitions changed
for clarity

The KDI scoring definition uses vague terms such as "major
modification" or "major tourist cave." These definitions were
modified to directly represent the disturbances related to the
introduction of construction materials in caves (Michie 2003).
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3.4.3.1 sKDI Re-scoring and Validation
After the sKDI was created and modified using the iterative process described in
section 3.3.3.2, the index was re-scored using the Desired Conditions Checklist (Table
3.2) and the Index Effectiveness Matrix (Table 3.3). The resultant scores from this reanalysis were effectively used to validate that the index assessed cave and karst
management needs related to disturbance.
The sKDI scored points on all but three of the 23 aspects on the Desired
Conditions Checklist as shown in Table 3.12. This represented a desired conditions score
of 87% and two of the three conditions that were not assessed by the sKDI according to
the Desired Conditions Checklist were “Natural karst processes continue” and “Aesthetic
value intact.” These conditions were not specifically met because they appear to be
assessed through a combination of other indicators which are not specific to those
conditions. The “Bat diseases are not introduced” condition was also not specifically met
because it was decided that although many management plans reference this condition,
they are exclusively plans from the United States and not consistent with all karst land
management plans internationally; however, this bat disease condition is indirectly
assessed by the species abundance and diversity indicators. The desired conditions score
of 87% was considered optimized and was an improvement from the KDI (Porter et al.
2016) score of 70%.
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Table 3.12 sKDI Desired Conditions Scoring (Created by Author).
Category

Desired Conditions

Geology

Geologic features
undisturbed
Soils undisturbed
Natural karst processes
continue

sKDI
Score
1

Geology Category

Cave microclimates relatively
unchanged
Hydrological systems
unaltered
Flow into caves unaltered
Water flowing into caves is
unpolluted
Groundwater dependent
ecosystems unaltered
Flora and fauna are relatively
undisturbed
Subsurface species of
concern habitat intact
Cave habitats intact
Bat diseases are not
introduced

1

Soils Attribute
This indicator may be considered covered
under other indicators in the hydrology and
geology category
Cave Microclimate Indicator

1

Hydrology Category

1
1

Drainage modifications
Water Quality attribute

1

Water Table Decline Indicator

1

Biology Category

1

No species of concern indicator

1
0

Natural surface vegetation

1

Cultural

Aesthetic value intact

0

Scientific

Cultural value intact
Archeological value intact
Scientific value intact

1
1
1

Paleontological features
intact
Recreational and educational
access to caves
Significant caves have their
significant values intact
Science based management

1

Subsurface biota attributes
Not measured due to specific to U.S.
management plans, but partially addressed by
species abundance and diversity indicators
Vegetation removal and reforestation
indicators
This indicator may be considered covered
under other indicators related to vandalism or
feature alteration
Human artifacts indicator
Human artifacts indicator
Index covers disturbances of most scientific
values
Paleontology Attribute

1

Access considered

1

Combination of indicators

1

Cave and karst features
known
Cave and karst educational
resources available

1

Regulatory Protection and Cave Conservation
Plan indicators
No Data Scoring

1

Public education indicator

Hydrology

Biology

Access

Management

1
0

Justification
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On the Index Effectiveness Matrix, the sKDI scored 18 out of 24, shown in Table
3.13, which is a 75% score. The sKDI lost points in the categories of Index Expertise
Required, Index Framework, and Dataset Requirements. The Index Expertise Required
category was scored as a 1 because the indicator scoring descriptions were designed to be
explicit enough to not require expert knowledge to score; however, the scoring
definitions use terminology which generally require knowledge of caves and karst to
understand. The use of cave and karst specific terminology could not be avoided in a cave
and karst index, so this score was considered optimized. The framework for the sKDI is a
spatially applied matrix, which is a grey area between the matrix framework and the
overlay framework, so the sKDI was scored a two in the framework category. While a
two shows that there is room for improvement in this category, the sKDI, when integrated
with the sKSI in the sKPMI, represents an overlay framework, so this category was seen
as optimized within the greater toolset. Finally, the Dataset Requirements category was
scored a zero since applying the sKDI requires a comprehensive, spatial dataset to apply.
While this score is low, the Dataset Requirement category is considered optimized
because addressing complex karst management relationships on a spatial level will
always require a thorough dataset. For these reasons, the Index Effectiveness scores, as
shown in Table 3.13, are considered optimized.
Table 3.13 sKDI Index Effectiveness Scoring (Created by Author).
Category
Index Expertise
Required
Index Framework
(described in 2.7)
Intended Scope
Intended Application
area limitations

sKDI
Score Score Justification
1 Data required does not require expert knowledge of caves or

karst features, but does require knowledge of the terminology

2 Index uses a spatially applied matrix

3 Index is intended to be applied on a macro scale
3 Index is intended to be applicable to all karst areas
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Dataset Requirements
Spatial Application
Indicator Definitions
End Products

0
3
3
3

Spatial dataset required can be extensive
Application is completely spatial
Indicators are explicit with little up for interpretation
Final product is a geospatial map

The sKDI scoring from the Desired Conditions Checklist, shown in Table 3.12,
and the Index Effectiveness Matrix, shown in Table 3.13, were both considered
optimized. After optimization, the scores were both shown to be improved when
compared to the foundational index (KDI) and all other indices. This score comparison is
shown in Table 3.20. The resultant scores from this re-analysis were considered
validation that the sKDI assessed cave and karst management needs related to disturbance
in an effective and improved manner.
3.4.4 spatial Karst Significance Index (sKSI)
The categories used for the spatial Karst Significance Index (sKSI) were
Geologic, Mineralogic, Paleontologic; Hydrology; Biology; Cultural; Recreational;
Educational; and Scientific, as shown in Table 3.14 below. These categories have been
changed from the zKSI’s (Angulo et al. 2013) categories of Geomorphology, Geology,
Biota, Hydrology, and Cultural, in order to better fit the categories described in the
management plans, as described in the Desired Condition Checklist, and in the guidelines
established in relation to the Federal Cave Resources Protection Act (U.S. Congress
1988; U.S. Government 1994).

94

Table 3.14 spatial Karst Significance Index (sKSI) (Created by Author).
Categories
Geologic,
Mineralogic,
Paleontologic

Attribute
Endokarst

Indicator
Dissolution
features (caves,
shafts, etc.)

3
Presence of a welldeveloped karst
network (Wellconnected conduits
>5 meter in
diameter).

Geologic,
Mineralogic,
Paleontologic

Exokarst

Surface expression
of karst geology

Surface features in
karst environment
which provide a
regionally
exceptional example
of karst
morphology,
stratigraphy,
structures, or
evidence of geologic
events

Geologic,
Mineralogic,
Paleontologic

Surface Sediments

Soil thickness/
Bedrock exposure

Soil mostly absent

Geologic,
Mineralogic,
Paleontologic

Minerals,
sediments

Minerals,
formations and
sediment
sequences.

Regionally unique,
or unidentified
deposits or
regionally
exceptional
abundance of
features
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2
Presence of a
developed karst
network
(Conduits 1-5
meter in
diameter, may
be partially filled
or
discontinuous)
Surface features
in karst
environment
which provide
regionally
uncommon or
notable example
of karst
morphology,
local strata,
structures, or
evidence of
geologic events
Soils <0.5m
thick. Thin with
patchy bedrock
exposure.
Regionally
uncommon
formations,
features or
abundance of
features

1
Presence of a
poorly developed
karst network
(Small conduits <1
meter in diameter
or poorly
connected
network)

0
Not developed

Surface features
in karst
environment
which provide
regionally
common
examples of karst
morphology, local
strata, structures,
or evidence of
geologic events

Absence of visible
features related
karst geology

Soils 0.5-1m thick.
Less thin with
possibly bedrock
exposure on steep
slopes.
Regionally
common
formations or
features in
common
abundance

Soils >1.0m thick

None

Geologic,
Mineralogic,
Paleontologic

Paleontology

Paleontological
Resources

Sites with unique or
well-preserved
paleontological
features

Hydrology

Water recharge

Infiltration rate
and amount

Perennial or
intermittent
recharge into karst
features

Hydrology

Water discharge

Drainage network
and spring
discharge

Complex, welldeveloped conduit
network providing
perennial discharge

Biology

Karst-related biota

Species
abundance and
diversity

Endemisms, rare,
threatened, or
endangered species
or, bat hibernacula
or maternity

Cultural

Cultural sites

Historical/architec
tural sites.
ArchaeologicalEthnographic
heritage (surface
and subsurface
karst)

Area is a registered
historic or
archeologic site

Recreational

Surface
Recreation

Sports, and
recreational
provisions

Developed, formal
areas where visitors
interact with the
environment
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Regionally
uncommon
fossils or bones
present in
feature.
Anthropogenicall
y altered
perennial or
intermittent
recharge into
karst features
Primary, simple
conduit network
providing
perennial
discharge which
may dry up
during drought
Presence of
troglobitic
species, bat
usage or
exceptional use
by troglophiles
Site has a
historic or
archeologic
significance
which may be
eligible for
registration has
a historic or
archeologic site
Primitive areas
where visitors
interact with the
environment
(without

Regionally
common fossils or
bones present in
feature.

None

Catchment area
for karst network
infiltration

No recharge

Poorly developed,
localized conduit
networks with
limited discharge
that dries up
frequently

No springs present

Presence of
troglophiles

No Species or only
accidentals
present

Site has cultural,
historic, or
archeologic
features

None

Undeveloped,
accessible areas
with no
infrastructure

No provisions

Recreational

Recreational
Caving

Cave Access

Cave is part of
regular tours or
heavy recreational
use (1+ trip a day
during peak season)

Educational

Educational Value

Educational
experiences

Developed
educational areas
with formal
experiences

Scientific

Scientific value

Scientific Access

Scientific

Scientific value

Cave and karst
monitoring

Cave is pristine or
has areas which are
pristine and
regionally
exceptional for
length, volume,
total depth, pit
depth, height, or
similar
measurements
Site is currently
used for research or
environmental
monitoring
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supportive
infrastructure,
but access and
use)
Cave is regularly
visited by
recreational
cavers (10+ trips
per year)

Cave is visited
infrequently by
recreational
cavers (2-10 trips
per year)

Cave is seldom or
never visited
recreational
cavers (Average
less than once a
year)
No educational
potential

Developed
educational
areas with
informal
experiences
Cave is pristine
has areas which
are pristine and
notable for their
length, volume,
total depth, pit
depth, height, or
similar
measurements

Areas with
potential
education
significance
Cave in a pristine
state

None

Site is planned to
be used for
research or
environmental
monitoring

Site has previously
been used for
research or
environmental
monitoring

Site has not been
used for
monitoring

The spatial Karst Disturbance Index indicators were modified, created, or
disaggregated to maximize the Desired Conditions Checklist scores (Table 3.2) and the
Index Effectiveness scores (Table 3.3). These modifications, additions, and their
justifications are summarized in Table 3.15.
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Table 3.15 sKSI Indicator Justifications (Created by Author).
Category

Attribute

Indicator

Change from
Foundational Index
(zKSI)
Scoring definitions
modified for clarity

Justification

Geologic,
Mineralogic,
Paleontologic

Endokarst

Dissolution features
(caves, shafts, etc.)

Geologic,
Mineralogic,
Paleontologic

Exokarst

Surface expression of
karst geology

Indicator aggregated
and scoring definitions
modified

The karst landforms, other morphologies, and geological
framework indicators were aggregated to direct focus away
from general geologic features and towards karst features.
The title was changed to "surface expression of karst
geology" to more holistically and accurately represent the
exokarst attribute. The indicator scoring definitions were
expanded from the initial sKSI definitions from the "karst
landform indicator" to be less vague and describe the exact
types of features covered under the term "karst geology"

Geologic,
Mineralogic,
Paleontologic

Surface
Sediments

Soil thickness/ Bedrock
exposure

Indicator added

This indicator was added to reflect the importance of soils on
a karst landscape (Andreo et al. 2009). Thin soils/ exposed
bedrock can expose karst features such as epikarst and
indicate a more pronounced connection between the surface
and subsurface. The indicator scoring definitions were
designed to represent this pronounced connection as
described by Andreo et al. (2009).

Geologic,
Mineralogic,
Paleontologic

Minerals,
sediments

Minerals, formations
and sediment
sequences.

Minor indicator
scoring definition
changes

The indicator definitions were changed for clarity and to
provide a more fluid transition between each score. Since
what makes a mineral feature (speleothem) significant varies
by region, this indicator was not explicitly tied to a specific
abundance or diversity of features.
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The original sKSI indicator relies on vague wording such as
"well-developed" or "common" to describe the development
of the karst network. These indicator scores were made
more explicit by using thresholds established by Doerfliger et
al. (1999) to define karst network development.

Geologic,
Mineralogic,
Paleontologic

Paleontology

Paleontological
Resources

Indicator created

Hydrology

Water
recharge

Infiltration rate and
amount

Indicator scoring
definitions modified

Hydrology

Water
discharge

Drainage network and
spring discharge

Indicator scoring
definitions modified

Biology

Karst-related
biota

Species abundance
and diversity

Cultural

Cultural sites

Historical/architectural
sites. ArchaeologicalEthnographic heritage
(surface and
subsurface karst)

Minor modification of
desired conditions to
better fit with
described
management needs
Indicator scoring
definitions modified to
be more explicit
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This indicator was added as a direct response to the
designation of paleontology as a category for significance
under the FCRPA (U.S. Congress 1988; U.S. Government
1994). The indicator scoring definitions were designed using
definitions similar to the "Minerals, formations and sediment
sequences" indicator. This indicator was used as base due to
the similar relative nature of significance in paleontological
resources related to their regionally varying abundance and
diversity.
The sKSI infiltration rate indicator definitions used by Angulo
et al. (2013) are unclear and unjustified. The new scoring
definitions are used to describe significance as the
concentration of natural flows into the subsurface (Andreo et
al. 2009) and the catchment area for karst features. This
scoring is justified by the desired conditions expressed by
karst land managers to protect the overall hydrologic system
and direct flow into features (caves) (Table 3.2).
The sKSI drainage network indicator attempts to be explicit
by defining arbitrary, quantitative thresholds with no
justified connection to drainage network development.
These thresholds were modified to be related to temporal
discharge linked to more complex karst aquifers with
increased storage and longer residence-times (El-Hakin and
Bakalowicz 2007).
Since bat colonies are consistently described as important by
cave and karst management plans, wording was introduced
into the scoring definitions to specifically mention bat
colonies and maternity roosts.
The scoring definitions used by the sKSI are vague and
reference features which may not be applicable to all
regions. The scoring definitions were changed to be related
to registered historic or archaeological sites similar to what
was used in the cave sensitivity index (Harley et al. 2011).

Recreational

Surface
Recreation

Sports, and
recreational provisions

Disaggregated and
modified scoring
definitions

This indicator was disaggregated from the sKDI, "Education,
sports and recreational provisions" indicator because
education and recreation are inherently different and were
identified as separate factors from the management plan
review. The indicator definitions were designed to describe
the level of development of recreational activity in the area.

Recreational

Recreational
Caving

Cave Access

New Indicator

This indicator was added as a direct response to the
designation of recreation as a category for significance under
the FCRPA (U.S. Congress 1988; U.S. Government 1994). The
scoring definitions for this indicator were designed to
describe the frequency of recreational use.

Educational

Educational
Value

Educational
experiences

Disaggregated and
modified scoring
definitions

This indicator was disaggregated from the sKDI, “Education,
sports and recreational provisions" indicator because
education and recreation are inherently different and were
identified as separate factors from the management plan
review. The indicator definitions were designed to describe
the level of development of karst education in the area. Both
formal and informal karst education opportunities were
defined as significant under these definitions (North 2011).

Scientific

Scientific
value

Scientific Access

New Indicator

Scientific

Scientific
value

Cave and karst
monitoring

New Indicator

This indicator was added in conjunction with the "Cave and
karst monitoring indicator" as a direct response to the
designation of scientific value as a category for significance
under the FCRPA (U.S. Congress 1988; U.S. Government
1994). The indicator definitions used were derived directly
from the wording of the FCRPA and represent the potential
for an area to be used for scientific research (U.S. Congress
1988)
This indicator was added in conjunction with the "Cave and
karst monitoring indicator" as a direct response to the
designation of scientific value as a category for significance
under the FCRPA (U.S. Congress 1988; U.S. Government
1994). The new indicator definitions were used to represent
the actualization of the potential for an area to be used for
scientific research.
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3.4.4.1 sKSI Re-scoring and validation
After the sKSI was created and modified using the iterative process described in
section 3.3.3.2, the index was re-scored using the Desired Conditions Checklist (Table
3.2) and the Index Effectiveness Matrix (Table 3.3). The resultant scores from this reanalysis were used to validate that the index assessed cave and karst management needs
related to significance in an effective manner.
The sKSI scored points on all but five out of the 23 aspects on the desired
conditions checklist as shown in Table 3.16. This represented a desired conditions score
of 78%. The categories of “Natural karst processes continue,” “Water flowing into caves
is unpolluted,” “Natural Surface Vegetation,” and “Cave microclimates” were not
considered assessed by the sKSI; however, they were considered as specific to
disturbance and left to be covered by the sKDI when integrated in the sKPMI.
Similar to the sKDI, the “Aesthetic value intact” category was not explicitly
assessed, but no specific indicator was designed to directly assess aesthetic value. This is
covered by the combination of other indicators, which address aesthetic features, such as
“Surface expression of karst geology” or “Minerals, formations and sediment sequences.”
Although the sKSI did not score a 100% on the desired conditions checklist, the score of
78% was considered optimized for the reasons explained in this paragraph and showed a
large improvement from the zKSI (Angulo et al. 2013) score of 39%.
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Table 3.16 sKSI Desired Conditions Scoring (Created by Author).
Category

Desired Conditions

Geology

Geologic features undisturbed
Soils Undisturbed
Natural karst processes
continue
Cave microclimates relatively
unchanged
Hydrological systems unaltered
Flow into caves unaltered
Water flowing into caves is
unpolluted
Groundwater dependent
ecosystems unaltered
Flora and fauna are relatively
undisturbed
Subsurface species of concern
habitat intact
Cave habitats intact
Bat diseases are not introduced

Hydrology

Biology

Cultural

Scientific
Access

Management

sKSI
Score
1
1
0
0
1
1
0
1
1
1
1
1

Natural surface vegetation

0

Aesthetic value intact

0

Cultural value intact
Archeological value intact
Scientific value intact
Paleontological features intact
Recreational and educational
access to caves
Significant caves have their
significant values intact
Science based management

1
1
1
1
1

Cave and karst features known
Cave and karst educational
resources available

1
1

1
1

Justification
Mineral and Fossil Formations Indicator
Soil Thickness Indicator
Natural state of karst processes generally
covered by sKDI
Microclimates not assessed, but generally
covered by the sKDI
Hydrology Category
Hydrology Category
Water purity not assessed, but covered in
sKDI
Reflected by water discharge and recharge
categories
Reflected by biota abundance and diversity
Scoring withing Biota category mentions
species of concern
Reflected in biota abundance and diversity
Continue bat presence assessed in biology
indicator
Not assessed because it is more related to
disturbance and covered by the sKDI
Not specifically addressed but considered
covered by hydrologic and geologic
significance
Cultural sites indicator
Cultural sites indicator
Scientific value attribute
Minerals, fossils, sediments attribute
Recreational Caving and Educational Value
attribute
Index identifies significant features
including caves
Science based management partially
addressed by Cave Monitoring indicator
No Data scoring
Educational experiences indicator

On the Index Effectiveness Matrix, the sKSI scored 17 out of 24, shown in Table
3.17, which is a 71% score. The effectiveness scoring for the sKSI was nearly identical to
the scoring for the sKDI and shares most of the same justifications for how these scores
were considered optimized as described in section 3.4.3.1. The only difference in scores
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is that the sKSI scored a two on the “Indicator Definitions” category and not a three like
the sKDI. This score was lower because significance indicators could not always be
designed as explicit with no room for interpretation. Quantitative thresholds for indicators
like “Minerals, formations, and sediment sequences” were not set because of the wide
variety of feature abundance and diversity between different karst areas; for example, a
single stalactite in the speleothem-poor region of New England may be considered
extremely significant, while a single stalactite in the speleothem-rich, southeastern U.S.
may be considered relatively less-significant (although still significant). For this reason,
some indicators were left with relative scoring definitions, resulting in a lower “Indicator
Definitions” score. Despite the sKSI not scoring a 100% on the Index Effectiveness
Matrix, as shown in Table 3.17, the sKSI is still considered optimized for effectiveness
based on the scoring justifications and in rational discussed in section 3.4.3.1.
Table 3.17 sKSI Index Effectiveness Scoring (Created by Author).
Category
Index Expertise
Required
Index Framework
(described in 2.7)
Intended Scope
Intended Application
area limitations

sKSI
Score Justification
1 Data required does not require expert knowledge of caves or karst
features, but does require knowledge of the terminology

2 Index uses a spatially applied matrix

3 Index is intended to be applied on a macro scale
3 Index is intended to be applicable to all karst areas

Dataset
Requirements
Spatial Application
Indicator Definitions

0 Spatial dataset required is extensive

End Products

3

3 Application is completely spatial
2 Indicators are generally explicit with some requiring interpretation
because significance is inherently relative
Final product is a geospatial map

The sKSI scoring from the Desired Conditions Checklist, shown in Table 3.16,
and the Index Effectiveness Matrix, shown in Table 3.17, were both considered
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optimized. After optimization, the scores were both shown to be improved when
compared to the foundational index (zKSI) and all other indices. The score comparison
between the sKSI and other indices is shown in Table 3.20. The resultant scores from this
re-analysis were considered validation that the sKSI assessed cave and karst management
needs related to significance in an effective and improved manner.
3.4.5 spatial Karst Priority Management Index (sKPMI) validation
While there were no indicators explicitly created for the spatial Karst Priority
Management Index, the scores for the sKDI and sKSI, which are integrated through
multiplication, effectively act as the indicators for the sKPMI. To assess the sKPMI for
its effectiveness as an environmental index, and to understand how well it addresses the
desired conditions described by cave and karst land managers, the sKPMI was evaluated,
as a whole, with the Desired Conditions Checklist (Table 3.2) and the Index
Effectiveness Matrix (Table 3.3). This scoring process validated that the sKPMI is an
effective index that assesses the desired conditions described by karst land managers.
The sKPMI scored points on 23 of 23 aspects of the desired conditions checklist,
indicating a score of 100%. The scores and scoring justifications for each condition are
available in Table 3.18. This score indicates that the sKPMI is addressing all desired
conditions which were identified during the karst management plan review.
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Table 3.18 sKPMI Desired Conditions Scoring (Created by Author).
Category

Desired Conditions

Geology

Geologic features
undisturbed

Hydrology

Biology

Cultural

Scientific

sKSI
Score
1

Soils Undisturbed

1

Natural karst
processes continue

1

Cave microclimates
relatively unchanged
Hydrological systems
unaltered

1

Flow into caves
unaltered

1

Water flowing into
caves is unpolluted

1

Groundwater
dependent
ecosystems unaltered

1

Flora and fauna are
relatively
undisturbed
Subsurface species of
concern habitat
intact
Cave habitats intact
Bat diseases are not
introduced
Natural surface
vegetation
Aesthetic value intact

1

Cultural value intact

1

Archeological value
intact

1

Scientific value intact

1

1

1
1
1
1
1

Justification
Geologic, Mineralogic, Paleontologic category in both
sKDI and sKSI provide an in-depth understanding of
this condition
The Soil Thickness Indicator in the sKSI and the 2 sKDI
indicators within the soils attribute provide an
understanding of this condition
Multiple indicators from the sKDI and sKSI provide an
in-depth assessment of the geologic and hydrologic
factors which drive karst processes
Microclimate disturbances are accounted for in the
sKDI
Hydrology categories in both the sKDI and sKSI
characterize the significance and disturbance of
hydrological systems
Hydrology categories in both the sKDI and sKSI
characterize the significance and disturbance of
hydrological systems
The sKSI provides an indication of significant karst
recharge areas and the sKDI indicates if this water is
polluted
The sKSI indicates karst-related species/ecosystems
and the sKDI indicates if these species are decreasing
in diversity/abundance and if there are changes in
groundwater quantity/quality
The sKSI indicates significant flora or fauna and the
sKDI indicates if they have been disturbed
The sKSI indicates significant flora or fauna, which
highlights species if concern, and the sKDI indicates if
they have been disturbed
Reflected in biota abundance and diversity
Continue bat presence assessed in biology indicator
Not assessed because it is more related to
disturbance and covered by the sKDI
Not specifically addressed but considered covered by
hydrologic and geologic significance
Culturally significant sites are assessed in the sKSI
cultural sites attribute and the disturbance to them is
assessed in the sKDI human artifacts indicator
Culturally significant sites (which include archeological
sites) are assessed in the sKSI cultural sites indicator
and the disturbance to them is assessed in the sKDI
human artifacts indicator
Scientific value is assessed in the sKSI in the scientific
category and, since scientific value is partially related
to caves being pristine, the sKDI as a whole is
assessing any disturbances to this value
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Access

Management

Paleontological
features intact

1

Recreational and
educational access to
caves
Significant caves have
their significant
values intact
Science based
management

1

Cave and karst
features known
Cave and karst
educational
resources available

1

1
1

1

This significance and disturbance of these features are
assessed by the paleontology indicators in both the
sKDI and sKSI
Both the sKDI and sKSI have indicators related to
recreational and scientific access to caves
The sKPMI is directly showing the relationship
between significant features (which include caves)
and disturbances to them
Science based management is assessed in the sKSI’s
cave monitoring indicator and the regulatory
protection indicator
The Low Data scoring resulting from the sKDI and sKSI
identify where there is a lack of data for karst areas
The public education indicator in the sKDI and
educational experiences indicator in the sKSI assess
education in the karst area

The sKPMI scored an 18 out of 24 on the Index Effectiveness Scoring Matrix
(Table 3.19). The points lost by the sKPMI were related to similar drawbacks identified
in both the sKDI and sKSI. The index expertise required category was scored a one
because the data required to score the sKDI and sKSI require some knowledge of karst
terminology. When addressing cave and karst features some knowledge of cave
terminology is required, so, despite scoring a 1, this score was considered optimized. The
dataset requirements category was scored a zero, similar to the sKDI and sKSI because
two large datasets surrounding karst disturbance and karst significance are required to
score the sKPMI. Finally, the indicator definitions category was scored a two because
some indicator definitions from the sKSI are not explicit due to the relative nature of
determining significance. While the sKPMI did not score 100% on the Index
Effectiveness Matrix, the index effectiveness was considered optimized for the reasons
described above.
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Table 3.19 sKPMI Index Effectiveness Scoring (Created by Author).
Category
Index Expertise
Required
Index Framework
(described in 2.7)
Intended Scope
Intended Application
area limitations

sKSI
Score Justification
1 Data required does not require expert knowledge of caves or karst
features, but does require knowledge of the terminology

3 Index overlays the scores from the sKDI and sKSI

3 Index is intended to be applied on a macro scale
3 Index is intended to be applicable to all karst areas

Dataset
Requirements
Spatial Application
Indicator Definitions

0 Spatial dataset required is extensive

End Products

3

3 Application is completely spatial
2 Indicators are generally explicit with some indicators from the sKSI
requiring interpretation because significance is inherently relative
Final product is a geospatial map

The sKPMI’s Desired Conditions Checklist scores and Index Effectiveness
Matrix scores, when compared to the evaluation of existing cave and karst indices,
indicate a large improvement over all other existing indices as shown in Table 3.20. Not
only did the sKPMI show improvement over previous indices, it was also better than both
the sKDI and sKSI when they were scored individually. The high scores in both desired
conditions and index effectiveness categories indicated that the sKPMI was an effective
environmental index that successfully addressed all the desired conditions which were
identified from the karst land management plan review. These evaluation scores,
combined with the evaluation scores for the sKDI and sKSI, validate that the sKPMI and
its associated indices are, according to this assessment, an improvement over existing
cave and karst indices.
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Table 3.20 New Spatial Index Scoring Results Compared to Existing Indices (sorted by average score) (Created by Author).
Average
Score

Author

spatial Karst Priority Management Index
spatial Karst Disturbance Index
spatial Karst Significance Index
Karst Tourism Management Index
Karst Disturbance Index OM
Karst Disturbance Index

DeCelle
DeCelle
DeCelle
Semler
Porter et al.
van Beynen and
Townsend
Angulo et al.
Angulo et al.
Angulo et al.
Harley et al.
Donato et al.

2021
2021
2021
2019
2016
2005

Macro
Macro
Macro
Meso
Macro
Macro

75%
75%
71%
46%
54%
50%

100%
87%
78%
83%
70%
70%

88%
81%
75%
64%
62%
60%

2013
2013
2013
2011
2014

Macro
Macro
Macro
Micro
Micro

67%
63%
67%
54%
46%

39%
39%
35%
35%
39%

53%
51%
51%
44%
42%

Karst Sustainability Index
RAP-cei Rapid Assessment protocol of
environmental impact related to caves
Show Cave Management Evaluation Index

van Beynen et al.
Donato et al.

2012
2014

Macro
Micro

58%
42%

22%
30%

40%
36%

Cigna and Pani

2013

Micro

42%

30%

36%

Cave Conservation Priority Index
Cave Disturbance Index
Cave Sensitivity Index

Souza Silva et al.
Trofimova
Harley et al.

2015
2014
2011

Micro
Micro
Micro

38%
29%
42%

30%
35%
22%

34%
32%
32%
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Scale

Desired Conditions
Checklist Score

Index

Priority Management Index
zonal Karst Significance Index
zonal Karst Disturbance Index
Cave Disturbance Index
RAP-cr Rapid Assessment protocol of cave
vulnerability for prioritization of conservation
and/or restoration actions

Year

Index
Effectivenes
s Score

3.4.6 Implementation of Indices on the Beaver Falls Karst
The spatial Karst Disturbance Index (sKDI), spatial Karst Significance Index
(sKSI) and spatial Karst Priority Management Index (sKPMI) were all applied to the
Beaver Falls Karst area. This application produced 3 databases which held the indicator
scores for the sKDI and sKSI, the Low Data (LD) scores, and the final sKDI, sKSI, and
sKPMI scores. These scores were mapped and analyzed to understand the spatial
distribution of karst disturbances, karst significance, and their relationship.
3.4.6.1 spatial Karst Disturbance Index (sKDI) Application
Overall, the application of the sKDI, shown in Figure 3.13, assigned a low score
to most of the Beaver Falls karst area. The scale displayed on the map ranged from 0.0 to
0.3, as opposed to the full range of the possible sKDI score, to better display the variation
of the data, since the most disturbed block only had a score of 0.22. Since the sKDI was
designed to be universal to all kinds of karst and karst disturbances, the low sKDI score is
relative, and not necessarily indicative of a healthy, undisturbed landscape. A score of
0.22 may be considered excellent in an urbanized karst environment, but unacceptable on
a landscape where conservation is a core value, such as for the U.S.F.S.
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Figure 3.13 sKDI Application at Beaver Falls Karst (Created by Author).
The most-impacted block within the study area was the Beaver Falls Cave square.
The concentrated effects from upstream logging, leading to heavy sedimentation in
Beaver Falls Cave is likely the reason why the area scored so highly (Curry 2003). As
expected, the disturbances generally coincided with blocks that were more heavily
logged, shown in Figure 3.14, such as the area in the general vicinity of Beaver Falls
Cave and squares on the eastern end of the study area. The blocks in the east with
comparable disturbance scores to the Beaver Falls Cave square nearly all have Low Data
scores above 0.4, indicating that more research is necessary and that these scores may not
be accurate.
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Figure 3.14 sKDI Application at Beaver Falls Karst Overlain with Historic Logging
(Created by Author).
In contrast, an area that did not experience any logging, the square partially
stretching into Sinkhole Lake to the north (green), was almost pristine. Areas with
logging were more likely to have had roads and quarries built, sinks infilled, unnatural
erosion, and impacts on the vegetation removal and reforestation indicators. Since this
square adjacent to Sinkhole Lake experienced no logging, it did not experience any of
these disturbances. Further application of the sKDI around the Tongass National Forest
could be used to deepen understanding of the relationship between logging and other
karst disturbances.
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3.4.6.2 spatial Karst Significance Index (sKSI) Application
Application of the sKSI is shown in Figure 3.15, where the Beaver Falls Cave
square has the highest significance score at 0.72. This is likely due to the surface and
subsurface resources of the cave, including its use as the focus of an educational and
recreational trail. The area directly southwest of Beaver Falls Cave had the second
highest sKSI score in the study area; however, this coincides with a relatively high, 0.38
LD score, which is near the threshold for exclusion, and may be inflating the score.
The east and southeast sections of the study area also scored relatively high, with
scores around 0.33, but these areas have LD scores above 0.4 so these high significance
scores should not be considered accurate. While the areas with high LD scores suggest
some information in the area may not be accurate, examining the sKSI database reveals
these areas are known to have significant geological and hydrological features related to
their subsurface karst. Since the subsurface karst in the east and southeast portion of the
study area was shown to be significant, it seems possible that the surface karst would also
be significant, so an inventory here may be a priority.
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Figure 3.15 sKSI (+LD) Scores for Beaver Falls (Created by Author).
3.4.6.3 spatial Karst Priority Management Index (sKPMI) Application
The sKPMI was scored and mapped as shown in Figure 3.16. The sKPMI scores
in the Beaver Falls karst area were generally low, with a maximum of 0.22 in the Beaver
Falls square. As the sKPMI is expected to show places where management efforts may
have failed in the past to protect significant karst from disturbance, Beaver Falls Cave, a
very significant feature that had no protection during the logging events in the 1960s and
1970s, would be expected to have one of the highest sKPMI scores. Since this
expectation was represented in the data, it supports the validity of the sKPMI in relation
to its intended use.
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Of note, the area that scored lowest on the sKPMI is the square immediately east
of Beaver Falls Cave. Despite being extremely close to Beaver Falls cave, this area
displays very few surface or subsurface karst features, because the block is dominated by
a large muskeg. Since this area scored low regarding karst being significant or disturbed
based on the sKPMI indicators, it can be inferred that current or previous management
strategies have successfully prevented disturbance to significant karst in the square.
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Figure 3.16 spatial Karst Priority Management Index Scoring (PMI) for Beaver Falls
Karst (Created by Author).

3.4.6.4 Further Database Uses
As highlighted briefly in section 3.4.6.2, the GIS databases generated during the
creation of the sKDI, sKSI and sKPMI can be used to quickly and easily diagnose why an
area may be showing a high level of disturbance, significance, or management priority.
Starting at the highest level, if an area receives a high sKPMI score, the polygon be
clicked within ArcGIS Pro to bring up the attribute table. The attribute table will then
show the sKDI and sKSI scores for that square. If, for example, the sKDI score was
unexpectedly high, the user could then go to the sKDI database and bring up the attribute
table for that same area. Then, the user could look at the disturbance indicator scores and
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see if a few indicators, or an indicator category, were causing the high disturbance in that
square. If, for example, the disturbances were shown to be primarily within the hydrology
category, the user could use this information to direct management focus towards the
mitigation or remediation of hydrologic impacts.
Another powerful use of the GIS databases generated by these indices stems from
the spatial application of the Low Data (LD) scores. Looking at the sKDI, sKSI, or
sKPMI maps quickly reveals areas where there is more data needed for successful
application of the indices. These scores can be directly understood as areas where land
managers need to inventory. Examining the LD scores from the sKDI or sKSI
individually can more specifically guide inventory efforts to where disturbance or
significance-specific inventories are needed.
Going even further, examining the sKDI or sKSI attribute tables can reveal
precisely which indicators need further inventory to understand or improve their scoring.
Since cave and karst inventories are often done by specific category (geologic, cultural,
or biologic), separating the LD scores into categories could inform land managers exactly
what kind of inventory is needed at what locations. Select LD categories from the sKDI
application at Beaver Falls were mapped in Figure 3.17 to demonstrate how to direct
inventory efforts in the case study area (DuChene 2006).
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Figure 3.17 Categorized sKDI LD Scores for the Beaver Falls Karst Area
(Created by Author).
The categorized sKDI LD scores shown in Figure 3.17 provide information on the
categories of data missing from the sKDI application. These maps show that there are
data gaps in the hydrology and geology categories in the east. They also show that there
are almost no data on biologic disturbances in the area. These data indicate a direct need
for geologic and hydrologic inventories to be done in the eastern side of the Beaver Falls
Karst and for biologic inventories to be conducted across the study area.

118

3.4.7 Beaver Falls Karst Recommendations
The application of the sKDI revealed how disturbances are largely associated with
areas that have been logged. Stepping back from clear-cutting and towards selective
cutting would lower disturbance scores. This would lower not only the deforestation
indicator score, but would likely lead to less erosion, infilling, and subsequent hydrology
disturbances that seem to coincide with logging. Allowing the forest to regenerate
without logging the second growth will also lower the disturbance scores over time due to
the direct use of reforestation as an indicator, and the indirect effects of natural
attenuation on other indicators. Some infilling, sedimentation, and hydrologic
disturbances associated with the logging activities may remediate as surface hydrology
and throughfall revert to old-growth conditions and the logs and sediment can flush
through the karst system.
Since the sKSI was developed with the Federal Cave Resources Protection Act
(FCRPA) in mind, any significance scoring directly relates to a resource that the Tongass
National Forest (TNF) is mandated to protect. At minimum, the sKSI map shows where
there is karst in the TNF needing protection because even a score of one would indicate
significance under the FCRPA. Scores greater than one can help TNF managers better
understand the karst and provide a quantitative justification, if needed, for the removal of
areas from economic development consideration. The Beaver Falls Karst study area
scored highly for the sKSI, coinciding with the Beaver Falls Geologic Special Area that
surrounds the cave and its immediate drainage. This suggests that the sKSI may be an
accurate tool for determining future areas to qualify for karst Geologic Special Area
designations. Further scoring of other Geologic Special Areas around the TNF may show
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a correlation between significance scores, which could give managers a threshold for
when an area may need protections beyond the standard measures and setbacks described
in Section 2.5. Also, significance maps may provide a simple, useful visualization for
non-karst specialists within the TNF. The maps will allow economic and recreational
development specialists to quickly see where development may or may not be suitable.
While the spatial Karst Priority Management Index (sKPMI) indicates where
significant features have been disturbed, the TNF currently has no guidelines on how
these impacted, significant features are to be remediated, or managed differently from
pristine features. There are some areas, such as the Heceta Island karst that is known to
be significant, and was disturbed during logging activities that pre-date the FCRPA. As
Heceta Island is evaluated for second-growth management, a spatial understanding of
previous disturbances could help inform U.S.F.S. specialists on how to minimize future
damage to the karst while still allowing harvest. The sKPMI may also provide TNF
managers a quantitative justification for the remediation or the exclusion of an area from
future disturbance, lest the TNF be vulnerable to potential legal actions by running afoul
with the FCRPA.
Continued application and scoring of the Tongass National Forest using the sKDI,
sKSI, and sKPMI can provide the TNF managers with valuable information on the
disturbed or significant karst areas, and where these two coincide. The LD scoring of the
indices also provides the managers with a clear direction on where and what must be
inventoried. All of these data provide the managers of the TNF with information on what
significant karst has been disturbed in the past, what can be remediated in the present,
and what needs to be protected in the future.
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3.5 Limitations
While the sKDI, sKSI, and associated sKPMI were developed through a
quantitative process which aimed to prove the validity of its use for karst land managers,
some limitations of the application and indices need to be considered. Through the
development process, the indices relied on desired conditions established for protected
karst lands. While it is possible that they are useful for non-protected landscapes, this was
not evaluated. Since the indices were developed to be used at a variety of scales, but only
applied at one, the validity of this development is unclear. Although the scale of
application was limited, the GIS methods designed should allow for a simple transition
from one resolution to another thanks to the flexibility allowed through a vector database.
The indices were designed to be used on all types of karst, but the type of karst
that the indices were applied to in the case study was limited. The Beaver Falls karst area
is epigenic, which is recharged by a combination of autogenic and allogenic sources. This
limits the assessment of the study to areas of this same type. As such, the indices may not
be effective in hypogene karst areas, or areas with other recharge characteristics;
however, management plans which administer karst much different from Beaver Falls,
including hypogene karst, were used as part of the index evaluation and development.
Finally, this study was limited by the availability of data at the time of application. While
this should not affect the overall validity of the study, further re-applications on the area
studied may have different conclusions due to increased data availability over time.
3.6 Conclusions
Karst land management plans are inconsistent in their efforts to protect karst
landscapes. Even within a single entity, the U.S.F.S., the forest master plans prescribe
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inconsistent and often limited protections for their caves and karst. The only consistency
between cave and karst management plans was the expressed need to identify significant
features and protect them from disturbance.
A thorough review of karst management indices, using the values described by
karst land managers and a quantitative review of overall index effectiveness, revealed a
gap between expressed management needs and the tools which are provided to them. The
refined KDI from Porter et al. (2016) and geospatially applied zKSI (Angulo et al. 2013)
were identified as the most effective tools for karst land management. These selected
indices were then used as a baseline to develop a new set of indices that would close the
gap between karst tools and management needs.
The new sKDI, sKSI, and sKPMI were applied, re-evaluated, and modified in an
iterative process. The result of this process was a set of indices that are both effective and
meet the needs of karst land managers. Spatial integration of the scoring of these tools
provides a more visual and robust method by which land managers can systematically
and quantitatively evaluate their karst management strategies and effectiveness.
Upon completion of the index development, the indices were applied to the
Beaver Falls Karst in the Tongass National Forest in Alaska. The sKDI showed the
spatial variability of the disturbance in the area and how it was likely related to logging.
The sKSI identified the more significant karst within the study area, centering around
Beaver Falls Cave. Also, both the sKDI and sKSI databases provided supplementary
information on the areas and categories of Low Data; this pointed towards the need for
further biologic inventories across the karst, and geologic and hydrologic inventories
needed in the eastern section of the karst. Finally, the sKPMI showed where the
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significant karst in the area had been disturbed, notably around Beaver Falls Cave,
suggesting that the Tongass National Forest may need to revise their management
strategy or initiate remediation. In conclusion, the sKDI, sKSI, sKPMI, and associated
Low Data designations, provided a wealth of information on the Beaver Falls karst area,
which could be used to guide further management efforts by the Tongass National Forest
and applied to any karst area in need of management.
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CHAPTER FOUR: CONCLUSIONS
The initial karst management plan review revealed the inconsistency in karst
management on the federal and international level. While some values and desired
conditions exist, comparisons were difficult to make on such a large scale across
protected lands existing in a variety of legal frameworks. The general conclusion of the
management plan and U.S.F.S. plan review was that even when everything else is equal,
there is no unified strategy for managing karst lands, which is likely because there is a
lack of an effective, transferrable tool for guiding karst land management.
A quantitative review of the existing karst management tools identified a gap
between the expressed management needs and the available karst management tools and
indices. The most refined, effective, and relevant tool for meeting these needs was the
KDI in its form used by Porter et al. (2016), but this tool still did not fulfill all the needs
of karst land managers. The spatial and integrated application of the zKDI and zKSI used
by Angulo et al. (2013) was generally effective and addressed some of the drawbacks
from the Porter et al. (2016) KDI; however, it also lacked a lot of the KDI’s refinement.
The conclusion from this review was that a set of tools combining the refinement of
Porter et al.’s (2016) methods and the spatial, integrated character of the Angulo et al.
(2013) methods would produce a more effective, cohesive, evaluative tools for karst land
managers. The resulting tools were the sKDI, sKSI, and the combined sKPMI.
Application of the tool to the Beaver Falls karst Area in the Tongass National
Forest provided a spatial representation of the karst in a way that can be used to guide
further management efforts. The sKDI and sKSI maps provide a spatial understanding of
the disturbance and significance of the karst. Used alone, or in combination (the PMI),
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these maps allow managers to see what is significant, what is disturbed, and what is both
significant and disturbed. Essentially, this information tells managers what has been
disturbed, what should not be disturbed in the future, and how to prioritize areas that may
need stricter protections or remediation. Also, the tools developed herein provide land
managers with a spatial understanding of where they have data issues in the LD scores
and maps. These index outputs can guide land managers directly to where specific
inventory efforts should be focused. In conclusion, the developed management tools were
effective in evaluating management efforts in the Beaver Falls karst area and would
likely be effective in guiding efforts there and in the rest of the Tongass National Forest,
as well as other karst areas at differing scales.
Further application of this index could result in a continued refinement and the
confirmed validity of its methods. The sKDI, sKSI, and PMI were designed to work on
any scale, so applying the tools on a micro, feature-specific level, as well as on a more
macro scale, could prove the applicability of the tools in their current form. Also, further
application of the tools in different areas that may have non-forested, arid, urban, or
hypogene karst may help to refine the tools and augment their capabilities as a holistic
karst management tool. Providing karst land managers with a spatially integrated and
holistic karst evaluation tool is the next step toward successfully managing sensitive karst
areas and their associated features.
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